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Abstract
We present a complete study of the one graviton-two neutral gauge bosons vertex at 1-loop level in the
electroweak theory. This vertex provides the leading contribution to the interaction between the Standard
Model and gravity, mediated by the trace anomaly, at first order in the inverse Planck mass and at second order
in the electroweak expansion. At the same time, these corrections are significant for precision studies of models
with low scale gravity at the LHC. We show, in analogy with previous results in the QED and QCD cases,
that the anomalous interaction between gravity and the gauge current of the Standard Model, due to the trace
anomaly, is mediated, in each gauge invariant sector, by effective massless scalar degrees of freedom. We derive
the Ward and Slavnov-Taylor identities characterizing the vertex. Our analysis includes the contributions from
the improvements of the scalar sector, induced by a conformally coupled Higgs sector in curved space.
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1 Introduction
This work is the fourth in a sequence of investigations [1, 2, 3], motivated by the original analysis of [4], aimed at
studying the precise structure of the anomalous effective action which describes the anomalous breaking of scale
invariance in the Standard Model (SM). Here we expand and fill in the details of a previous study [5].
This breaking is induced by the trace anomaly [6, 7] and can be extracted from the exact computation of a set of
diagrams involving, to leading order in the gravitational constant and in the gauge couplings, the graviton-gauge-
gauge vertex. The work is a natural extension and an application of remarkable classical studies [8, 9, 10, 11] of the
energy momentum tensor and of the corresponding trace anomaly in gauge theories.
In the case of a gravitational background characterized by a small deviation with respect to the flat spacetime
metric, this vertex is described by the correlation function containing one insertion of the energy momentum tensor
(EMT) (denoted as T ) on the correlation function of two gauge currents (denoted as V, V ′). If we allow only
conformally coupled scalars and operators only up to dimension-4 in the Langrangian [8] [9], the EMT is uniquely
defined by gravity and takes the form of a symmetric and (on-shell) conserved expression. In the massless limit,
which in our case is equivalent to dealing with an unbroken theory (i.e. before electroweak symmetry breaking) the
EMT is classically (on-shell) traceless.
As remarked in [4] and in our previous studies in the context of QED [1] and QCD [2], the study of this correlator
is interesting in several ways and allows to address some important issues concerning anomaly-mediated interactions
between the SM and gravity. At the same time, this program is part of an attempt to characterize rigorously in
quantum field theory the effective action which describes the interaction between matter and gravity beyond tree
level, showing some interesting features, such as the appearence of effective massless scalar degrees of freedom as
mediators of the breaking of scale invariance [4], in close analogy with what found in the case of chiral gauge theories
[12, 13, 14, 15]. Beside these theoretical motivations, these corrections find direct application in collider studies of
low scale gravity, a point that we will address in a related work.
In a theory such as the SM, the breaking of scale invariance is related both to the trace anomaly and to the
spontaneous breaking of the gauge symmetry by the Higgs mechanism [5], and both contributions may become
significant in some specific scenarios. For example, the enduring discussion over the cosmological implications of
the quantum breaking of scale invariance has spanned decades [16, 17], since the work of Starobinsky [18], with his
attempt to solve the problem of the cosmological ”graceful exit” that predated inflationary studies. At the same
time, the treatment of the trace anomaly using more refined approaches such as the world-line formulation, has
allowed for new ways to investigate the corresponding effective action [19].
The computation of the effective action which underlies this interaction is, in principle, rather challenging not
only for the large number of diagrams involved, but also because of the need of a consistent way to define these
interactions. The ambiguity present in the definition of the fermion contributions, for instance, requires particular
care, due to the presence of axial-vector and vector currents in an external gravitational background. These have
been analyzed building on the results of [3], which provides the ground for the extensions contained in the present
study. The current analysis is far more involved than any previous study of ours, due to the appearance of a larger
set of diagrams in the perturbative expansion. Their definition requires a suitable set of Ward and Slavnov-Taylor
identities (STI’s) which need to be identified from scratch and that we are going to discuss in fair detail. These are
essential in order to establish the correctness of the computation and of the chosen regularization scheme, which is
dimensional regularization with on-shell renormalization.
When we move from an exact gauge theory to a theory with spontaneous breaking of the gauge symmetry such
as the SM, the contributions coming from the trace anomaly and from mass corrections are harder to disentangle,
since the massless limit is not an option. However, even under these conditions, there are two possible ways of
organizing the contributions to the 1-loop effective action which may turn out handy. The first expansion, obviously,
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is the usual 1/m expansion, where m is a large electroweak mass, valid below the electroweak scale. The second
has been first discussed in a previous work [12] and is characterized by the isolation of the anomalous massless
pole contribution from the remaining subleading O(m2/s) corrections. These can be extracted from a complete
computation.
The goal of this work is to discuss the role of the interactions mediated by the conformal anomaly using as a
realistic example the Lagrangian of the SM, by focusing our investigation on the neutral currents sector. A similar
analysis will be presented for the charged current sector in a forthcoming separate work. These contributions play a
role, in general, also in scenarios of TeV gravity and as such are part of the radiative corrections to graviton-mediated
processes at typical LHC energies.
1.1 Organization of this work
Our work is organized as follows. In section 2 we will provide the basic definition of the energy momentum tensor
in a curved spacetime, followed by a direct computation of all of its components according to the Lagrangian of
the SM (section 3). We then move to briefly summarize some important issues which concern the structure of
the effective action, highlighting its perturbative properties, first among them the appearance of massless (scalar)
effective degrees of freedom (anomaly poles) in the QED and QCD cases. In sections 5 and 6 we derive the
fundamental Ward and Slavnov-Taylor identites which define the structure of the TV V ′ vertex, expanded in terms
of its TAA, TAZ and TZZ contributions, where T couples to the graviton and A and Z are the photon and the
neutral massive gauge boson, respectively. Complete results for all the amplitudes are given in section 7, expressed
in terms of a small set of form factors. As we are going to show, the contribution to the anomaly comes from a
single form factor in each amplitude, multiplying a unique tensor structure. These form factors are characterized by
the appearance of a massless pole with a residue that can be related to the beta function of the theory and which
is the signature of the anomaly [13]. We have extensively elaborated in previous works on the significance of such
contributions in the ultraviolet region (UV) [5].
In the presence of spontaneous symmetry breaking the perturbative expansion of these form factors can be
still arranged in the form of a 1/s contribution, with s being the invariant mass of the graviton line, plus mass
corrections of the form v2/s, with v being the electroweak vev. The computation shows that the trace part of the
amplitude is then clearly dominated at large energy (i.e for s≫ v2) by the pole contribution, as we will discuss in
section 9. Our conclusions and perspectives are given in section 10. Several technical points omitted from the main
sections have been included in the appendices to facilitate the reading of those more involved derivations.
2 The EMT of the Standard Model: definitions and conventions
The expression of a symmetric and conserved EMT for the SM, as for any field theory Lagrangian, may be obtained,
more conveniently, by coupling the corresponding Lagrangian to the gravitational field, described by the metric gµν
of the curved background
S = SG + SSM + SI = − 1
κ2
∫
d4x
√−g R+
∫
d4x
√−gLSM + 1
6
∫
d4x
√−g RH†H , (1)
where κ2 = 16πGN , with GN being the four dimensional Newton’s constant and H is the Higgs doublet. We recall
that Einstein’s equations take the form
δ
δgµν(x)
SG = − δ
δgµν(x)
[SSM + SI ] (2)
and the EMT in our conventions is defined as
Tµν(x) =
2√−g(x) δ[SSM + SI ]δgµν(x) , (3)
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or, in terms of the SM Lagrangian, as
1
2
√−gTµν≡∂(
√−gL)
∂gµν
− ∂
∂xσ
∂(
√−gL)
∂(∂σgµν)
, (4)
which is classically covariantly conserved (gµρTµν;ρ = 0). In flat spacetime, the covariant derivative is replaced by
the ordinary derivative, giving the ordinary conservation equation (∂µT
µν = 0).
We use the convention ηµν = (1,−1,−1,−1) for the metric in flat spacetime, parameterizing its deviations from
the flat case as
gµν(x) = ηµν + κhµν(x) , (5)
with the symmetric rank-2 tensor hµν(x) accounting for its fluctuations.
In this limit, the coupling of the Lagrangian to gravity is given by the term
Lgrav(x) = −κ
2
T µν(x)hµν (x). (6)
The corrections to the effective action describing the coupling of the SM to gravity that we will consider in our work
are those involving one external graviton and two gauge currents. These correspond to the leading contributions
to the anomalous breaking of scale invariance of the effective action in a combined expansion in powers of κ and of
the electroweak coupling (g2) (i.e. of O(κ g
2
2)).
Coming to the fermion contributions to the EMT, we recall that the fermions are coupled to gravity using the
spin connection Ω induced by the curved metric gµν . This allows to define a spinor derivative D which transforms
covariantly under local Lorentz transformations. If we denote with a, b the Lorentz indices of a local free-falling
frame, and denote with σab the generators of the Lorentz group in the spinorial representation, the spin connection
takes the form
Ωµ(x) =
1
2
σabV νa (x)Vbν;µ(x) , (7)
where we have introduced the vielbein V µa (x). The covariant derivative of a spinor in a given representation (R) of
the gauge symmetry group, expressed in curved (Dµ) coordinates is then given by
Dµ = ∂
∂xµ
+Ωµ +Aµ, (8)
where Aµ ≡ Aaµ T a(R) are the gauge fields and T a(R) the group generators, giving a Lagrangian of the form
L = √−g
{
i
2
[
ψ¯γµ(Dµψ)− (Dµψ¯)γµψ
]
−mψ¯ψ
}
. (9)
3 Contributions to Tµν
In this section we proceed with a complete evaluation of the EMT for the SM Lagrangian coupled to gravity. We
will do so for the entire quantum Lagrangian of the SM, which includes also the contributions from the ghosts and
the gauge-fixing terms. Details on our conventions for this section have been collected in appendix (A).
The full EMT is given by a minimal tensor TMinµν (without improvement) and a term of improvement, T
I
µν , generated
by the conformal coupling of the scalars
Tµν = T
Min
µν + T
I
µν , (10)
where the minimal tensor is decomposed into
TMinµν = T
f.s.
µν + T
ferm.
µν + T
Higgs
µν + T
Y ukawa
µν + T
g.fix.
µν + T
ghost
µν . (11)
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3.1 The gauge and fermion contributions
The contribution from the gauge kinetic terms derived from the field strengths of the SM is
T f.s.µν = ηµν
1
4
[
F aρσF
a ρσ + ZρσZ
ρσ + FAρσF
Aρσ + 2W+ρσW
− ρσ]
− F aµρF a ρν − FAµρFAρν − ZµρZνρ −W+µρW− ρν −W+νρW− ρµ , (12)
where F aµν , F
A
µν , Zµν and W
±
µν are respectively the field strengths of the gluon, photon, Z and W
± fields defined in
appendix (A). The fermion contribution is rather lengthy and we give it here for a single fermion generation
T ferm.µν = −ηµνLferm. +
i
4
{
ψ¯νeγµ
→
∂ ν ψνe + ψ¯eγµ
→
∂ ν ψe + ψ¯uγµ
→
∂ ν ψu + ψ¯dγµ
→
∂ ν ψd
− i
[
e√
2 sin θW
(
ψ¯νeγµ
1− γ5
2
ψeW
+
ν + ψ¯eγµ
1− γ5
2
ψνe W
−
ν
)
+
e
sin 2θW
ψ¯νeγµ
1− γ5
2
ψνeZν −
e
sin 2θW
ψ¯eγµ
(
1− γ5
2
− 2 sin2 θW
)
ψe Zν
+
e√
2 sin θW
(
ψ¯uγµ
1− γ5
2
ψdW
+
ν + ψ¯dγµ
1− γ5
2
ψuW
−
ν
)
+
e
sin 2θW
ψ¯uγµ
(
1− γ5
2
− 2 sin2 θW 2
3
)
ψu Zν − e
sin 2θW
ψ¯dγµ
(
1− γ5
2
− 2 sin2 θW 1
3
)
ψd Zν
+ eAν
(
− ψ¯eγµψe + 2
3
ψ¯uγµψu − 1
3
ψ¯dγµψd
)
+ gsG
a
ν
(
ψ¯uγµt
aψu + ψ¯dγµt
aψd
)]
− ψ¯νeγµ
←
∂ ν ψνe − ψ¯eγµ
←
∂ ν ψe − ψ¯uγµ
←
∂ ν ψu − ψ¯dγµ
←
∂ ν ψd
− i
[
e√
2 sin θW
(
ψ¯νeγµ
1− γ5
2
ψeW
+
ν + ψ¯eγµ
1− γ5
2
ψνe W
−
ν
)
+
e
sin 2θW
ψ¯νeγµ
1− γ5
2
ψνeZν −
e
sin 2θW
ψ¯eγµ
(
1− γ5
2
− 2 sin2 θW
)
ψe Zν
+
e√
2 sin θW
(
ψ¯uγµ
1− γ5
2
ψdW
+
ν + ψ¯dγµ
1− γ5
2
ψuW
−
ν
)
+
e
sin 2θW
ψ¯uγµ
(
1− γ5
2
− 2 sin2 θW 2
3
)
ψu Zν − e
sin 2θW
ψ¯dγµ
(
1− γ5
2
− 2 sin2 θW 1
3
)
ψd Zν
+ eAν
(
− ψ¯eγµψe + 2
3
ψ¯uγµψu − 1
3
ψ¯dγµψd
)
+ gsG
a
ν
(
ψ¯uγµt
aψu + ψ¯dγµt
aψd
)]
+ (µ↔ ν)
}
,
(13)
where ψνe , ψe, ψu and ψd are the Dirac spinors describing respectively the electron neutrino, the electron, the up
and the down quarks while Lferm. is given in appendix (A).
3.2 The Higgs contribution
Coming to the contribution to the EMT from the Higgs sector, we recall that the scalar Lagrangian for the Higgs
fields (H) is given by
LH = (DµH)†(DµH) + µ2HH†H− λ(H†H)2 µ2H, λ > 0 , (14)
with the covariant derivative defined as
Dµ = ∂µ − igW aµT a − ig′BµY, (15)
where, in this case, T a = σa/2 are the generators of SU(2)L, Y is the hypercharge and the coupling constants g
and g′ are defined by e = g sin θW = g′ cos θW . As usual we parameterize the vacuum H0 in the scalar sector in
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terms of the electroweak vev v as
H0 =
(
0
v√
2
)
(16)
and we expand the Higgs doublet in terms of the physical Higgs boson H and the two Goldstone bosons φ+, φ as
H =
(
−iφ+
1√
2
(v +H + iφ)
)
, (17)
then the masses of the Higgs (mH) and of the W and Z gauge bosons are given by
mH =
√
2µH , MW =
1
2
gv , MZ =
1
2
√
g2 + g′2 v. (18)
We obtain for the energy-momentum tensor of the Higgs contribution the following expression
THiggsµν = −ηµνLHiggs + ∂µH∂νH + ∂µφ∂νφ+ ∂µφ+∂νφ− + ∂νφ+∂µφ−
+ M2ZZµZν +M
2
W (W
+
µ W
−
ν +W
+
ν W
−
µ )
+ MW
(
W−µ ∂νφ
+ +W−ν ∂µφ
+ +W+µ ∂νφ
− +W+ν ∂µφ
−)+MZ(∂µφZν + ∂νφZµ)
+
eMW
sin θW
H
(
W+µ W
−
ν +W
+
ν W
−
µ
)
+
eMZ
sin 2θW
H (ZµZν)
− e
2 sin θW
[
W+µ
(
φ−
↔
∂ ν (H + iφ)
)
−W+µ
(
φ−
↔
∂ ν (H + iφ)
)]
− e
2 sin θW
[
W−µ
(
φ+
↔
∂ ν (H − iφ)
)
+W−ν
(
φ+
↔
∂ µ (H − iφ)
)]
+ ie (Aµ + cot 2θWZµ)
(
φ−
↔
∂ ν φ
+
)
+ ie (Aν + cot 2θWZν)
(
φ−
↔
∂ µ φ
+
)
− e
sin 2θW
[
Zµ
(
φ
↔
∂ν H
)
+ Zν
(
φ
↔
∂µ H
)]
− ieMZ sin θW
[
Zµ
(
W+ν φ
− −W−ν φ+
)
+ Zν
(
W+µ φ
− −W−µ φ+
)]
− ieMW
[
Aµ
(
W−ν −W+ν φ−
)
+Aν
(
W−µ −W+µ φ−
)]
+
e2
4 sin2 θW
H2
[(
W+µ W
−
ν +W
+
ν W
−
µ + 2ZµZν
)]
− ie
2
2 cos θW
H
[
Zµ
(
W+ν φ
− −W−ν φ+
)
+ Zν
(
W+µ φ
− −W−µ φ+
)]
+
e2
4 sin2 θW
φ2
(
W+µ W
−
ν +W
+
ν W
−
µ + 2ZµZν
)
+
e2
sin θ2W
φ+φ−
(
W+µ W
−
ν +W
+
ν W
−
µ
)
− ie
2
2 sin θW
H
[
Aµ
(
W−ν φ
+ −W+ν φ−
)
+Aν
(
W−µ φ
+ −W+µ φ−
)]
+
e2
2 cos θW
φ
[
Zµ
(
W+ν φ
− +W−ν φ
+
)
+ Zν
(
W+µ φ
− +W−µ φ
+
)]
− e
2
2 sin θW
φ
[
Aµ
(
W−ν φ
+ +W+ν φ
−)+Aν (W−µ φ+ +W+µ φ−)]
+ e2 cot2 2θWφ
+φ−ZµZν + e2φ+φ−AµAν + 2e2 cot 2θWφ+φ− (AµZν +AνZµ) . (19)
In the Higgs LagrangianLHiggs and in the third line of the previous equation we have bilinear mixing terms involving
the massive gauge bosons and their Goldstone. These terms will be canceled in the Rξ gauge by the EMT coming
from the gauge-fixing contribution.
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3.3 Contributions from the Yukawa couplings
The expression of the contributions coming from the Yukawa couplings are derived from the Lagrangian
LY ukawa = LlY ukawa + LqY ukawa , (20)
where the lepton part is given by
LlY ukawa = −λeL¯HψRe − λe ψ¯Re H† L, (21)
while the quarks give
LqY ukawa = −λd Q¯HψRd − λd ψ¯Rd H†Q− λuQi ǫijH∗j ψRu − λu ψ¯Ru (ǫijH∗j )†Qi . (22)
In the previous expressions the coefficients λe, λu and λd are the Yukawa couplings, L = (ψνe ψe)L and Q =
(ψu ψd)L are the lepton and quark SU(2) doublet while the suffix R on the spinors identifies their right components.
The contribution from this sector to the total EMT is then given by
T Y ukawaµν = −ηµνLY ukawa
= ηµν
{
meψ¯eψe +muψ¯uψu +mdψ¯dψd + i
e√
2 sin θW
[
me
MW
(
φ−ψ¯ePLψνe − φ+ψ¯νePRψe
)
+
md
MW
(
φ−ψ¯dPLψu − φ+ψ¯uPRψd
)
+
mu
MW
(
φ+ψ¯uPLψd − φ−ψ¯dPRψu
) ]
+ i
e
2 sin θW
[
me
MW
φ
(
ψ¯ePRψe − ψ¯ePLψe
)
+
md
MW
φ
(
ψ¯dPRψd − ψ¯dPLψd
)
+
mu
MW
φ
(
ψ¯uPLψu − ψ¯uPRψu
) ]
+
eH
2 sin θW MW
[
meψ¯eψe +mdψ¯dψd +muψ¯uψu
]}
. (23)
In the expression above we have used standard conventions for the chiral projectors PR ,L = (1± γ5)/2. For
simplicity we consider only one generation of fermions.
3.4 Contributions from the gauge-fixing terms
The contribution of the gauge-fixing Lagrangian can be computed is a similar way. We will work in the Rξ gauge
where we choose for simplicity the same gauge-fixing parameter ξ for all the gauge sectors. In this case we obtain
(see also appendix (A))
T g.fix.µν =
1
ξ
{
Gaν∂µ(∂
σGaσ) +G
a
µ∂ν(∂
σGaσ)
+ Aν∂µ(∂
σAσ) +Aµ∂ν(∂
σAσ) + Zν∂µ(∂
σZσ) + Zµ∂ν(∂
σZσ)
+
1
2
[
W+µ ∂ν(∂
σW−σ ) +W
+
ν ∂µ(∂
σW−σ ) +W
−
µ ∂ν(∂
σW+σ ) +W
−
ν ∂µ(∂
σW+σ )
]}
− ηµν
{
− 1
2ξ
(∂σAσ)
2 − 1
2ξ
(∂σZσ)
2 − 1
ξ
(∂σW+σ )(∂
ρW−ρ )−
1
2ξ
(∂σGaσ)
2
+
1
ξ
∂ρ(Aρ∂
σAσ) +
1
ξ
∂ρ(Zρ∂
σZσ) +
1
ξ
∂ρ
[
W+ρ ∂
σW−σ +W
−
ρ ∂
σW+σ
]
+
1
ξ
∂ρ(Gaρ∂
σGaσ)
}
+ ηµν
ξ
2
M2Zφφ+ ηµνξM
2
Wφ
+φ−
− MZ(Zµ∂νφ+ Zν∂µφ)−MW (W+µ ∂νφ− +W+ν ∂µφ− +W−µ ∂νφ+ +W−ν ∂µφ+) . (24)
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3.5 The ghost contributions
Finally, from the ghost Lagrangian one obtains the ghost contribution to the EMT, which is given by
T ghostµν = −ηµνLghost + ∂µc¯a
(
∂νδ
ac + gsf
abcGbν
)
cc + ∂ν c¯
a
(
∂µδ
ac + αsf
abcGbµ
)
cc
+ ∂µη¯
Z∂νη
Z + ∂ν η¯
Z∂µη
Z + ∂µη¯
A∂νη
A ++∂ν η¯
A∂µη
A
+ ∂µη¯
+∂νη
− + ∂ν η¯+∂µη− + ∂µη¯−∂νη+ + ∂ν η¯−∂µη+
+ ig
{
∂µη¯
+
[
W+ν (cos θW η
Z + sin θW η
A)− (cos θWZν + sin θWAν)η+
]
+ ∂ν η¯
+
[
W+µ (cos θW η
Z + sin θW η
A)− (cos θWZµ + sin θWAµ)η+
]
+ ∂µη¯
−
[
η−(cos θWZν + sin θWAν)− (cos θW ηZ + sin θW ηA)W−ν
]
+ ∂ν η¯
−
[
η−(cos θWZµ + sin θWAµ)− (cos θW ηZ + sin θW ηA)W−µ
]
+ ∂µ(cosθW η¯
Z + sin θW η¯
A)
[
W+ν η
− −W−ν η+
]
+ ∂ν(cosθW η¯
Z + sin θW η¯
A)
[
W+µ η
− −W−µ η+
]}
, (25)
where ca, ηA, ηZ and η± are respectively the ghost of the gluon, photon, Z and W± bosons while Lghost is the SM
Lagrangian for the ghost fields defined in appendix (A).
3.6 The EMT from the terms of improvement
The terms of improvement contribute with an EMT of the form
T Iµν = −
1
3
[
∂µ∂ν − ηµν 
]
H†H = −1
3
[
∂µ∂ν − ηµν 
](
H2
2
+
φ2
2
+ φ+φ− + v H
)
. (26)
4 The integrated anomaly and the nonlocal action
Before dealing with the actual computation of the various vertices of the neutral currents sector involving one
insertion of the EMT, we briefly review the issue of the extraction of the anomaly poles from these correlators, in
order to render our treatment self-contained. We proceed from the QED case and then move to QCD.
We recall that the expression of the trace anomaly [7]
T µµ = −
1
8
[
2b C2 + 2b′
(
E − 2
3
R
)
+ 2c F 2
]
(27)
brings in the problem of defining an appropriate action whose EMT satisfies Eq. 27. Such an action, obtained
by integration of the anomaly (anomaly-induced action) can be searched for by trial and error and is, in general,
nonlocal. The solution was given by Riegert long ago [20] in the form
Sanom[g,A] =
1
8
∫
d4x
√−g
∫
d4x′
√
−g′
(
E − 2
3
R
)
x
G4(x, x
′)
[
2b C2 + b′
(
E − 2
3
R
)
+ 2c FµνF
µν
]
x′
(28)
where b, b′ and c are parameters. For the case of a single fermion in an abelian gauge theory they are given by
b = 1/320 π2, b′ = −11/5760 π2, and c = −e2/24 π2. C2 is the square of the Weyl tensor and E is the Euler density
given by
C2 = CλµνρC
λµνρ = RλµνρR
λµνρ − 2RµνRµν + R
2
3
(29)
E = ∗Rλµνρ ∗Rλµνρ = RλµνρRλµνρ − 4RµνRµν +R2. (30)
8
The notation G4(x, x
′) denotes the Green’s function of the differential operator defined by
∆4 ≡ ∇µ
(
∇µ∇ν + 2Rµν − 2
3
Rgµν
)
∇ν = 2 + 2Rµν∇µ∇ν + 1
3
(∇µR)∇µ − 2
3
R. (31)
As shown in [21, 4] Performing repeated variations of the ”anomaly induced” action 28 with respect to the back-
ground metric gµν and to the Aα gauge field, here taken as a background, one can reproduce the anomalous
contribution of correlators with multiple insertions of the EMT or of gauge currents. Notice that an anomaly-
induced action does not reproduce the homogeneous contributions to the anomalous trace Ward identity, which
require an independent computation in order to be identified. Obviously, as the rank of the correlator increases the
perturbative study of these correlation functions becomes more and more involved. Notice also that such an action
does not account for all those terms which are responsible for the explicit breaking of scale invariance. In the case
of the Standard Model such terms are obviously present in the spontaneosly broken phase of the theory and provide
important corrections to the anomalous correlators.
An important issue concerns the reformulation of this action in such a way that its interactions become local.
This important point has been analyzed in [21]. The authors introduce two scalar fields ϕ and ψ which satisfy
fourth order differential equations
∆4 ϕ =
1
2
(
E − 2
3
R
)
, (32a)
∆4 ψ =
1
2
CλµνρC
λµνρ +
c
2b
FµνF
µν , (32b)
which allow to express the nonlocal action in the local form
Sanom = b
′S(E)anom + bS
(F )
anom +
c
2
∫
d4x
√−g FµνFµνϕ , (33)
where
S(E)anom ≡
1
2
∫
d4x
√−g
{
− (ϕ)2 + 2
(
Rµν − R
3
gµν
)
(∇µϕ)(∇νϕ) +
(
E − 2
3
R
)
ϕ
}
;
S(F )anom ≡
∫
d4x
√−g
{
− (ϕ) (ψ) + 2
(
Rµν − R
3
gµν
)
(∇µϕ)(∇νψ)
+
1
2
CλµνρC
λµνρϕ+
1
2
(
E − 2
3
R
)
ψ
}
. (34)
The equations of motion for ψ and ϕ (32b) can be obtained by varying 33 with respect to these fields. Notice
that in momentum space, these equations, being quartic, show the presence of a double pole in the corresponding
energy momentum tensor. This can be defined, as usual, by varying 33 with respect to the background metric. The
reduction of this double pole to a single pole has been discussed in the same work, using a perturbative formulation
of the local action around the flat metric background. In particular the field ϕ has to be assumed of being of first
order in the metric fluctuation hµν . With this assumption, the quartic pole is reduced to a single pole and the
action takes the simpler form
Sanom[g,A]→ − c
6
∫
d4x
√−g
∫
d4x′
√
−g′Rx−1x,x′ [FαβFαβ ]x′ . (35)
Notice that this action is valid to first order in metric variations around flat space. Its local expression is given by
Sanom[g,A;ϕ, ψ
′] =
∫
d4x
√−g
[
−ψ′ϕ− R
3
ψ′ +
c
2
FαβF
αβϕ
]
. (36)
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(a) (b)
Figure 1: The pole contribution as a collinear exchange of a fermion/antifermion pair (a) and the diagrammatic
representation of the anomaly pole (b).
The equations of motion of the auxiliary fields are also now of second order and take the form
ψ′ ≡ bψ , (37a)
ψ′ =
c
2
FαβF
αβ , (37b)
ϕ = −R
3
. (37c)
R, in the equations above, is the linearized version of the Ricci scalar
R≡∂xµ ∂
x
ν h
µν − h, h = ηµν hµν . (38)
A similar approach can be followed in the case of the chiral anomaly [14, 15, 4].
A perturbative test of the pole structure identified in the anomaly induced action is obtained by a direct
computation of the correlator TAA, with the insertion of the EMT on the photon 2-point function (AA) at nonzero
momentum transfer. This test has been performed in QED [4, 1] and generalized to QCD in the 2-gluon case [2].
The advantage of a complete computation of the correlator, respect to the variational solution found by inspection,
is that it gives the possibility of extracting also the mass corrections to the pole behaviour [1]. In fact, anomaly-
induced actions analogous to Eq. (28) are not available for spontaneosuly broken gauge theories coupled to gravity.
The origin of the pole contribution in the effective action can be attributed to a special region of the triangle diagram
- which is responsible for the generation of the trace anomaly at perturbative level - in momentum space. This
region is identified by a computation of the spectral denstity ρ(s) of this diagram which turns out to be proportional
to a delta function (δ(s)), with s denoting the virtuality of the graviton line (see the discussion in [4]). A similar
behaviour of the spectral density is found for the anomaly loop [22].
The kinematical region which is responsible for such behaviour is briefly illustrated in Fig. 1. For instance, in
the QED case this singular spectral density is generated when we set on-shell the two fermion lines of the anomaly
loop, cut in the s-channel. In this configuration the virtual graviton decays into two on-shell fermions which move
collinearly before reaching the final state, where they decay into two photons (Fig. 1 (a)). The exchange of a simple
pole (Fig. 1 (b)) accounts for the contribution coming from this kinematical region, and should be viewed as a
dynamical effect. The similarity between the gravitational and the chiral case is indeed rather striking, since the
decay of an axial vector current into two vector currents, which is the source of the axial anomaly, can be equally
described by a diagram similar to (Fig. 1 (b)), with the role of the scalar exchange taken by an interpolating field
with the quantum numbers of the pion, and the graviton replaced by an axial-vector current.
5 The master equation of the Ward identities
In this section we proceed with the derivation of the Ward identities describing the conservation of the EMT starting
from the case of a simple model, containing a scalar, a gauge field and a single fermion in a curved spacetime and then
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moving to the case of the full SM Lagrangian. In both cases we start with the derivation of two master equations
from which the Ward identities satisfied by a specific correlator can be extracted by functional differentiations.
We denote with S[V µa , φ, ψ,Aµ] the action of the model. Its expression depends on the vielbein, the fermion
field ψ, the complex scalar field φ and the abelian gauge field Aµ. We can use this action and the vielbein to derive
a useful form of the EMT
Θµν = − 1
V
δS
δV
a
µ
V aν , (39)
in terms of the determinant of the vielbein V (x)≡ ∣∣V aµ (x)∣∣. Notice that this expression of the EMT is non-symmetric.
The symmetric expression can be easily defined by the relation
T µν =
1
2
(Θµν +Θνµ) (40)
that will be used below.
We introduce the generating functional of the model, given by
Z[V, J, J†, Jµ, χ, χ¯] =
∫
DφDφ†DψDψ¯DAµ exp
{
iS[V, φ, ψ,Aµ] + i
∫
d4x
[
J†(x)φ(x) + φ†(x)J(x)
+ ¯χ(x)ψ(x) + ψ¯(x)χ(x) + Jµ(x)Aµ(x)
]}
, (41)
where we have denoted with J(x), Jµ(x) and χ(x) the sources for the scalar, the gauge field and the spinor field
respectively. We will exploit the invariance of Z under diffeomorphisms for the derivation of the corresponding
Ward identities. For this purpose we introduce a condensed notation to denote the functional integration measure
of all the fields
DΦ≡DφDφ†DψDψ¯DAµ (42)
and redefine the action with the external sources included
S˜ = S + i
∫
d4x
(
JµAµ + J
†(x)φ(x) + χ¯(x)ψ(x) + h.c.
)
. (43)
Notice that we have absorbed a factor
√−g in the definition of the sources, which clearly affects their transformation
under changes of coordinates (see also appendix (B)).
The condition of diffeomorphism invariance of the generating functional Z gives
Z[V, J, J†, χ, χ¯, Jµ] = Z[V ′, J ′, J
′ †, χ′, χ¯′, J
′ µ] , (44)
where we have allowed an arbitrary change of coordinates x
′ µ = Fµ(x) on the spacetime manifold, which can be
parameterized locally as x
′ µ = xµ+ ǫµ(x). The measure of integration is invariant under such changes (DΦ′ = DΦ)
and we obtain to first order in ǫµ(x)∫
DΦ eiS˜ =
∫
DΦ eiS˜
(
1 + i
∫
d4xd4y
{
− VΘµa
[
− δ(4)(x− y)∂νV aµ (x)− [∂µδ(4)(x− y)]V aν
]
−∂ν [δ(4)(x− y)J†(x)]φ(x) − φ†(x)∂ν [δ(4)(x − y)J(x)]
−∂ν [δ(4)(x− y)χ¯(x)]ψ(x) − ψ¯(x)∂ν [δ(4)(x− y)χ(x)]
−[∂ν [Jµ(x)δ(4)(x − y)] + [∂ρδ(4)(x− y)]δµν Jρ(x)]Aµ(x)
}
ǫν(y)
)
. (45)
This expression needs some further manipulations in order to be brought into a convenient form for the perturbative
test. Using some results of appendix B we rewrite it in an equivalent form and then perform the flat space-time
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limit to obtain ∫
DΦ eiS˜
[
∂αT
αβ(y)− J†(y)∂βφ(y) − ∂βφ†(y)J(y)− Jα(y)∂βAα(y) + ∂α[Jα(y)Aβ(y)]
−∂βψ¯(y)χ(y)− χ¯(y)∂βψ(y)− 1
2
∂α
(
δS
δψ(y)
σαβψ(y)− ψ¯(y)σαβ δS
δψ¯(y)
)]
= 0 . (46)
A more general derivation is required in the case in which we have a theory which is SM-like, where we have more
fields to consider. The master formula that one obtains is slightly more involved, but its structure is similar. Before
specializing the derivation to the neutral sector of the SM we discuss the Ward identity for the amputated Green
functions obtained from this functional integral.
5.1 The master equation for connected and 1PI graphs
We can extend the above analysis by deriving a different form of the master equation in terms of the generating
functional of the connected graphs (W ) or, equivalently, directly in terms of the effective action (Γ), which collects
all the 1-particle irreducible (1PI) graphs. The Ward identities for the various correlators are then obtained starting
from these master expressions via functional differentiation. For this purpose we extend the generating functional
given in (41) by coupling the model to a weak external gravitational field hαβ
Z[J, J†, Jµ, χ, χ¯, hαβ ] =
∫
DΦ exp
{
iS˜ − iκ
2
∫
d4xhαβ(x)Tαβ(x)
}
. (47)
The generating functional of connected graphs is then given by
exp
{
iW [J, J†, Jµ, χ, χ¯, hαβ]
}
=
Z[J, J†, Jµ, χ, χ¯, hαβ]
Z[0]
, (48)
normalized respect to the vacuum functional Z[0]. From this we obtain the relations
φc(x) =
δW
δJ†(x)
, φ†c(x) =
δW
δJ(x)
, ψc(x) =
δW
δχ¯(x)
, ψ¯c(x) =
δW
δχ(x)
, Aµc (x) =
δW
δJµ(x)
(49)
for the classical fields of the theory, identified by a subscript ”c”. The effective action is then defined via the usual
Legendre transform of the fields except for the gravitational source hαβ
Γ[φc, φ
†
c, A
µ
c , ψc, ψ¯c, hαβ ] = W [J, J
†, Jµ, χ, χ¯, hαβ ]−
∫
d4x
[
J†(x)φc(x) + φ†c(x)J(x)
+ ψ¯c(x)χ(x) + ψ¯c(x)χ(x) + J
µ(x)Ac µ(x)
]
(50)
which satisfies the relations
δΓ
δφc(x)
= −J†(x), δΓ
δφ†c(x)
= −J(x), δΓ
δψc(x)
= −χ¯(x), δΓ
δψ¯c(x)
= −χ(x), δΓ
δAc µ(x)
= −Jµ(x). (51)
Notice that the functional derivatives of both W and Γ respect to the classical background field hαβ coincide
δW
δhαβ(x)
=
δΓ
δhαβ(x)
. (52)
Therefore, the Ward identity (46) can be rewritten in terms of the connected functional integral as
∂α
δW
δhαβ
= −κ
2
{
J†∂β
δW
δJ†
+ ∂β
δW
δJ
J + ∂β
δW
δJµ
Jµ − ∂α
(
δW
δJβ
Jα
)
+ χ¯∂β
δW
δχ¯
+ ∂β
δW
δχ
χ− 1
2
∂α
(
χ¯σαβ
δW
δχ¯
− δW
δχ
σαβχ
)}
, (53)
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or equivalently in terms of the 1PI generating functional
∂α
δΓ
δhαβ
= −κ
2
{
− δΓ
δφc
∂βφc − ∂βφ†c
δΓ
δφ†c
− δΓ
δAc α
∂βAc α − ∂α
(
δΓ
δAc α
Aβc
)
− ∂βψ¯c δΓ
δψ¯c
+
δΓ
δψ c
ψc∂
βψc − 1
2
∂α
(
δΓ
δψ c
σαβψc − ψ¯cσαβ δΓ
δψ¯c
)}
, (54)
having used (49), (51), (52),(53).
5.2 The Ward identity for TV V ′
In the case of the TV V ′ correlator in the Standard Model the derivation of the Ward identity requires two functional
differentiations of (54) (extended to the entire spectrum of SM) respect to the classical fields V αc (x1) and V
′ β
c (x2)
where V and V ′ stand for the two neutral gauge bosons A and Z, obtaining
− iκ
2
∂µ〈Tµν(x)Vα(x1)V ′β(x2)〉amp = −
κ
2
{
− ∂νδ(4)(x1 − x)P−1 V V ′αβ (x2, x)
−∂νδ(4)(x2 − x)P−1 V V
′
αβ (x1, x) + ∂
µ[ηανδ
(4)(x1 − x)P−1 V V
′
βµ (x2, x) + ηβνδ
(4)(x2 − x)P−1 V V ′αµ (x1, x)]
}
(55)
where we have introduced the (amputated) mixed 2-point function
P−1V V
′
αβ (x1, x2) = 〈0|TVα(x1)V ′β(x2)|0〉amp =
δ2Γ
δV αc (x1)δV
′β
c (x2)
. (56)
After a Fourier transform
(2π)4δ(4)(k − p− q)ΓV V ′µναβ(p, q) = −i
κ
2
∫
d4zd4xd4y 〈Tµν(z)Vα(x)V ′β(y)〉amp e−ikz+ipx+iqy , (57)
Eq. (55) becomes
kµΓV V
′
µναβ(p, q) = −
κ
2
{
kµP−1 V V
′
αµ (p)ηβν + k
µP−1 V V
′
βµ (q)ηαν − qνP−1 V V ”αβ (p)− pνP−1V V
′
αβ (q)
}
. (58)
The perturbative test of this relation, computationally very involved, as well as of all the other relations that we
will derive in the next sections, is of paramount importance for determining the structure of the interaction vertex.
6 BRST symmetry and Slavnov-Taylor identities
Before coming to the derivation of the STI’s which will be crucial for a consistent definition of the TV V correlator
for the Lagrangian of the SM, we give the BRST variation of the EMT in QCD and in the electroweak theory which
will be used in the following.
The QCD sector gives
δTQCDµν =
1
ξ
[
Aiµ∂ν∂
ρDijρ c
j +Aiν∂µ∂
ρDijρ c
j − ηµν∂σ(Aiσ∂ρDijρ cj)
]
, (59)
with i, j being color indices in the adjoint representation of SU(3), while
in the electroweak sector and in the interaction basis we have
δT e.w.µν =
1
ξ
[
W rµ∂νδFr +W rν ∂µδFr +Bµ∂νδF0 +Bν∂µδF0
]
− ηµν 1
ξ
∂ρ
[
W rρ δFr +BρδF0
]
. (60)
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Here the indices r and 0 refer respectively to the SU(2) and U(1) gauge groups and can be expanded directly in
the basis of the mass eigenstates (i.e. a=(+,-, A, Z)). We obtain
δT e.w.µν =
1
ξ
[
W+µ ∂νδF− +W−µ ∂νδF+ +Aµ∂νδFA + Zµ∂νδFZ + (µ↔ ν)
]
− 1
ξ
ηµν∂
ρ
[
W+ρ δF− +W−ρ δF+ +AρδFA + ZρδFZ
]
. (61)
To proceed with the derivation of the STI’s for the SM, we start introducing the generating functional of the
theory in the presence of a background gravitational field hµν (also denoted as ”h”)
Z(h, J) =
∫
DΦ exp
{
iS˜ − iκ
2
∫
d4xhµν(x)Tµν(x)
}
(62)
where S˜ denotes the action of the Standard Model (S) with the inclusion of the external sources (J, ω, ξ) coupled
to the SM fields
S˜ = S +
∫
d4x
(
JaµA
µ a + ω¯aηa + η¯aωa + ξ¯iψi + ψ¯iξi
)
, (63)
with a = A,Z,+,− and i which runs over the fermion fields. We also define the functional describing the insertion
of the EMT on the vacuum amplitude
ZTµν(J ; z) ≡ 〈Tµν(z)〉J =
∫
DΦTµν(z) exp iS˜ (64)
where ZTµν(J ; z) is related to Z(h, J) by
− iκ
2
ZTµν(J ; z) =
δ
δ hµν(z)
Z(h, J)
∣∣∣∣
h=0
. (65)
The STI’s of the theory are obtained by using the invariance of the functional average under a change of integration
variables
ZTµν(J ; z) =
∫
DΦTµν(z) exp iS˜ = ZTµν(J ; z)′ =
∫
DΦ′ T ′µν(z) exp iS˜′ (66)
which leaves invariant the quantum action S. These transformations, obviously, are the ordinary BRST variations
of the fundamental fields of the theory. The integration measure is clearly invariant under these transformations
and one obtains∫
DΦ exp iS˜
{
δTµν(z) + i Tµν(z)
∫
d4x
[
JaµδA
µ a + ω¯aδηa + δη¯aωa + ξ¯iδψi + δψ¯iξi
]}
= 0 , (67)
where the operator δ is the BRST variation of the various fields, which is given in appendix (C).
The STI’ s are then derived by a functional differentiation of the previous identity with respect to the sources.
We just remark that since the BRST variations increase the ghost number of the integrand by 1 unit, we are
then forced to differentiate respect to the source of the antighost field in order go back to a zero ghost number in
the integrand. This allows to extract correlation functions which are not trivially zero. This procedure, although
correct, may however generate STI’ s among different correlators which are rather involved. For this reason we
will modify the generating functional ZTµν(J ; z) by adding to the argument of the exponential extra contributions
proportional to the product of the gauge fixing functions Fa(x) and of the corresponding sources χa(x). Therefore,
we redefine the action S˜ as S˜χ
S˜χ ≡ S˜ +
∫
d4xχaFa. (68)
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The condition of invariance of the generating functional that will be used below for the extraction of the STI’s then
becomes∫
DΦ exp iS˜
{
δTµν(z) + i Tµν(z)
∫
d4x
[
JaµδA
µ a + ω¯aδηa + δη¯aωa + ξ¯iδψi + δψ¯iξi + χaδFa
]}
= 0 . (69)
The implications of BRST invariance on the correlator TV V ′ are obtained by functional differentiation of (69)
respect to the source χa(x) of the gauge-fixing function Fa and to the source ωa(y) coupled to the antighost fields
η¯a. For this reason in the following we set to zero the other external fields.
6.1 STI for the TAA correlator
Eq. (69) can be used in the derivation of the STI’s for the TAA correlator by setting appropriately to zero all the
components of the external sources except some of them. For instance, if only the sources in the photon sector
(ωA, χA) are non-vanishing, this equation becomes∫
DΦ exp
[
i S + i
∫
d4x
(
η¯AωA + χAFA)]{δTµν(z) + i Tµν(z)∫ d4x(− ωA 1
ξ
FA + χAEA
)}
= 0, (70)
where the function EA denotes the finite part of the BRST variation (with the infinitesimal Grassmann parameter
λ removed) of the gauge-fixing function of the photon FA
EA(x) = δFA(x) =  ηA + i e ∂µ (W−µ η+ −W+µ η−) . (71)
Functional differentiating this relation with respect to χA(x) and ωA(y) and then setting to zero the external
sources, we obtain the STI for the 〈TAA〉 correlator
1
ξ
〈Tµν(z)∂αAα(x)∂βAβ(y)〉 = 〈Tµν(z)EA(x)η¯A(y)〉+ 〈δTµν(z)∂αAα(x)η¯A(y)〉 . (72)
Its right-hand side can be simplified using the fields equation of motion. The BRST variation of FA, given by EA,
is indeed the equation of motion for the ghost of the photon. This can be easily derived by computing the change
of the action under a small variation of the antighost field of the photon η¯A
η¯A(x)→ η¯A(x) + ǫ(x), (73)
which gives, integrating by parts,
L → L+ (∂µǫ) (∂µηA + i e(W−µ η+ −W+µ η−)) = L − ǫ δFA , (74)
and the equation of motion δFA(x) = EA(x) = 0.
The first correlator on the right hand side of Eq. (72) can be expressed in terms of simpler correlation functions
using the invariance of the generating functional ZTµν(z) given in (66) under the transformation (73). One obtains
ZTµν(z)
′ =
∫
DΦ ei S˜ exp
{
i
∫
d4x ǫ(x)
[
− EA(x) + ωA(x)
]}(
Tµν(z) + δη¯ATµν(z)
)
= ZTµν(z) (75)
where δη¯ATµν(z) denotes the variation of the EMT under the transformation (73)
δη¯ATµν(z) = ∂µǫ(z)[∂νη
A + ie(W−ν η
+ −W+ν η−)](z) + (µ↔ ν)
− ηµν∂ρǫ(z)[∂ρηA + ie(W−ρ η+ −W+ρ η−)](z) . (76)
This equation can be formally rewritten as an integral expression in the form
δη¯ATµν(z) =
∫
d4x ǫ(x) δ¯η¯ATµν(z, x) , (77)
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where δ¯Tµν(z, x) has been defined as
δ¯Tµν(z, x) = ηµν∂
ρ
x(δ
(4)(z − x)DAρ ηA(x)) − ∂xµ(δ(4)(z − x)DAν ηA(x)) − ∂xν (δ(4)(z − x)DAµ ηA(x)) . (78)
We have used the notation DAρ η
A to denote the covariant derivative of the ghost of the photon
DAρ η
A(x) = ∂ρη
A(x) + ie(W−ρ η
+ −W+ρ η−)(x) (79)
and its four-divergence equals the equation of motion of the ghost ηA
∂ρDAρ η
A(x) = EA(x). (80)
Using Eq. (77) and expanding to first order in ǫ, the identity in (75) takes the form∫
DΦ ei S˜
{
Tµν(z)
[
− EA(x) + ωA(x)
]
− i δ¯Tµν(z, x)
}
= 0. (81)
This relation represents the functional average of the equations of motion of the ghost ηA. As such, it can be used
to derive the implications of the ghost equations on the correlation functions which are extracted from it.
For instance, to derive a relation for the first correlation function appearing on the rhs of Eq. (72), it is sufficient
to take a functional derivative of (81) respect to ωA(y)
〈Tµν(z)EA(x)η¯A(y)〉 = −i〈δ¯η¯ATµν(z, x)η¯A(y)〉 − iδ(4)(x− y)〈Tµν(z)〉. (82)
Notice that the term proportional to δ(4)(x− y) corresponds to a disconnected diagram and as such can be dropped
in the analysis of connected correlators. We can substitute in (82) the explicit form of δ¯Tµν(z, x), rewriting it in
terms of the 2-point function of the covariant derivative of the ghost ηA (DAρ η
A) and of the antighost η¯A
〈Tµν(z)EA(x)η¯A(y)〉 = −i
{
ηµν ∂
ρ
x
[
δ(4)(z − x)〈(DAρ ηA(x) η¯A(y)〉
]
−
(
∂xµ
[
δ(4)(z − x)〈DAν ηA(x) η¯A(y)〉
]
+ (µ↔ ν)
)}
. (83)
The correlation functions involving the covariant derivative of the ghost and of the antighost, appearing on the
right-hand side of (83), are related - by some STI’s - to derivatives of the photon 2-point function. We leave the
proof of this point to appendix (C) and just quote the result. Then Eq. (83) becomes
〈Tµν(z)EA(x)η¯A(y)〉 = − i
ξ
{
ηµν ∂
ρ
x
[
δ(4)(z − x)∂αy 〈Aρ(x)Aα(y)〉
]
−
(
∂xµ
[
δ(4)(z − x)∂αy 〈Aν(x)Aα(y)〉
]
+ (µ↔ ν)
)}
. (84)
Having simplified the first of the two functions on the right hand side of (72), we proceed with the analysis of
the second one, containing the BRST variation of the EMT, which can be expressed as a combination of BRST
variations of the gauge-fixing functions Fa
δTµν =
1
ξ
[
W+µ ∂νδF
− +W−µ ∂νδF
+ +Aµ∂νδF
A + Zµ∂νδF
Z + (µ↔ ν)
]
−1
ξ
ηµν∂
ρ
[
W+ρ δF
− +W−ρ δF
+ +AρδF
A + ZρδF
Z
]
. (85)
Similarly to the photon case, where δFA is proportional to the equation of motion of the corresponding ghost, also
in this more general case we have
δFr = Er r = +,−, A, Z (86)
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and δTµν can be rewritten in the form
δTµν =
1
ξ
[
W+µ ∂νE− +W−µ ∂νE+ +Aµ∂νEA + Zµ∂νEZ + (µ↔ ν)
]
−1
ξ
ηµν∂
ρ
[
W+ρ E− +W−ρ E+ +AρEA + ZρEZ
]
. (87)
The appearance of the operators Er in the expression above suggests that Eq. (72) can be simplified if we derive
STI’s involving the equations of motion of the ghost fields. Therefore, we proceed with a functional average of the
equation of motions of the ghosts∫
DΦ ei S˜χ
[
− Er(z) + ωr(z)
]
= 0 r = +,−, A, Z . (88)
The terms appearing in Eq. (87) are obtained by acting on this generating functional with appropriate differen-
tiations. For instance, to reproduce the term ∂W+E− we take a functional derivative of (88) with respect to the
source Jaρ (z) followed by a differentiation respect to z
ρ obtaining
∂ρz
δ
δJaρ (z)
∫
DΦ ei S˜χ
[
− Er(z) + ωr(z)
]
= i
∫
DΦ ei S˜χ
[
− ∂ρz
(
Aaρ(z)Er(z)
)
+ ∂ρz
(
Aaρ(z)ω
r(z)
) ]
= 0 .
(89)
At this stage we need to take a derivative respect to the source χA(x) and to the source ωA(y) of the antighost field
η¯A ∫
DΦ ei S˜χ
[
∂ρz
(
Aaρ(z)Er(z)
)
∂αAα(x)η¯
A(y) + i δrA∂ρz
(
Aρ(z)δ
(4)(z − y)
)
∂αAα(x)
]
= 0 . (90)
In the expression above the Kronecher δrA is 1 for r = A and 0 for r = +,−, Z. This shows that in δTµν in (87)
only the photon contributes to the 〈δTµν(z)∂αAα(x)η¯A(y)〉 correlator and gives
〈δTµν(z)∂αAα(x)η¯A(y)〉 = − i
ξ
{
∂zνδ
(4)(z − y)∂αx 〈Aµ(z)Aα(x)〉 + ∂zµδ(4)(z − y)∂αx 〈Aν(z)Aα(x)〉
−ηµν∂ρz
(
δ(4)(z − y)∂αx 〈Aρ(z)Aα(x)〉
)}
. (91)
Using the results of (84) and (91) in (72) we obtain a simple expression for the STI, just in terms of derivatives of
the photon 2-point function
1
ξ
〈Tµν(z)∂αAα(x)∂βAβ(y)〉 = − i
ξ
{
ηµν ∂
ρ
x
[
δ(4)(z − x)∂αy 〈Aρ(x)Aα(y)〉
]
−ηµν∂ρz
[
δ(4)(z − y)∂αx 〈Aρ(z)Aα(x)〉
]
−
(
∂xµ
[
δ(4)(z − x)∂αy 〈Aν(x)Aα(y)〉
]
−∂zµδ(4)(z − y)∂αx 〈Aν(z)Aα(x)〉 + (µ↔ ν)
)}
, (92)
which in momentum space becomes
pα qβ GAAµναβ(p, q) =
κ
2
qα
{
pµ P
AA
να (q) + pν P
AA
µα (q)− ηµνpρ PAAρα (q)
}
+
κ
2
pα
{
qµ P
AA
να (p) + qν P
AA
µα (p)− ηµν(p+ q)ρ PAAρα (p)
}
(93)
having defined
(2π)4δ(4)(k − p− q)GAAµναβ(p, q) = −i
κ
2
∫
d4z d4x d4y 〈Tµν(z)Aα(x)Aβ(y)〉 e−ik·z+ip·x+iq·y ,
(2π)4δ(4)(p− q)PAAαβ (p) =
∫
d4x d4y 〈Aα(x)Aβ(y)〉 eip·x−iq·y . (94)
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Figure 2: One-loop loop decomposition of GAAµναβ(p, q) in terms of the amputated function Γ
AA
µναβ(p, q) and of 2-point
functions on the external legs.
The STI given in (93) involves the Green function GAAµναβ(p, q) which differs from the vertex function Γ
AA
µναβ(p, q)
for the presence of propagators on the external vector lines. In the one-loop approximation the decomposition of
GAAµναβ(p, q) in terms of vertex and external lines corrections simplifies, as illustrated in Fig.(2). In momentum space
this takes the form
GAAµναβ(p, q) = V
hAA
µνσρ(p, q)P
AA
0
σ
α(p)P
AA
0
ρ
β(q) + Γ
AA, 1
µνσρ (p, q)P
AA
0
σ
α(p)P
AA
0
ρ
β(q)
+ V hAAµνσρ(p, q)P
AA
1
σ
α(p)P
AA
0
ρ
β(q) + V
hAA
µνσρ(p, q)P
AA
0
σ
α(p)P
AA
1
ρ
β(q) , (95)
where V hAAµνσρ(p, q) is the tree level graviton-photon-photon interaction vertex defined in appendix D. The right-
hand-side of Eq. (93) can be rewritten in the form
pα qβ GAAµναβ(p, q) = −i
κ
2
ξ
q2
{
pµqν + pνqµ − ηµνp · q
}
− iκ
2
ξ
p2
{
qµpν + qνpµ − ηµν(p · q + p2)
}
=
(−i ξ)2
p2 q2
pα qβ V hAAµναβ(p, q) (96)
which implies, together with (95), that
pα qβ ΓAA, 1µναβ (p, q) = 0. (97)
This is the Slavnov-Taylor identity satisfied by the one-loop vertex function.
6.2 STI for the TAZ correlator
The derivation of the STI for TAZ follows a pattern similar to the TAA case. The starting point is the condition
of BRST invariance of the generating functional given in Eq.(67). Also in this case we introduce some auxiliary
sources χa(x) for the gauge-fixing terms, but we differentiate (69) with respect to χA(x) and to the source ωZ(y)
of the antighost η¯Z(y), and then set all the sources to zero. We obtain a relation similar to Eq. (70), that is∫
DΦ exp
[
i S + i
∫
d4x
(
η¯ZωZ + χAFA)]{δTµν(z) + i Tµν(z)∫ d4x(− ωZ 1
ξ
FZ + χAEA
)}
= 0 ,
(98)
where EA(x), the operator describing the equation of motion of the photon, has been defined in (71). Therefore, by
taking a derivative with respect to χA(x) and to ωZ(y) we obtain
1
ξ
〈Tµν(z)FA(x)FZ (y)〉 = 〈Tµν(z)EA(x)η¯Z (y)〉+ 〈δTµν(z)FA(x)η¯Z (y)〉 . (99)
The right-hand-side of this equation can be simplified using the equation of motion for the ghost of the photon on
ZTµν(J ; z).
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We start from the first of the two correlators 〈Tµν(z)EA(x)η¯Z (y)〉. Using the invariance of ZTµν(J ; z) respect to
the variation (73) of the antighost of the photon η¯A and expressing δη¯ATµν(z) as in Eqs. (77) and (78), we obtain
Eq. (81). At this point we differentiate this relation respect to the source ωZ(y) obtaining
〈Tµν(z)EA(x)η¯Z(y)〉 = −i〈δ¯η¯ATµν(z, x)η¯Z(y)〉 − iδ(4)(x − y)〈Tµν(z)〉 . (100)
As in the previous case, we omit the term which is proportional to the vev of the EMT, since this generates only
disconnected diagrams. The explicit form of δ¯η¯ATµν(z, x) allows to express Eq. (100) in the form
〈Tµν(z)EA(x)η¯Z (y)〉 = −i
{
ηµν ∂
ρ
x
[
δ(4)(z − x)〈DAρ ηA(x) η¯Z (y)〉
]
−
(
∂xµ
[
δ(4)(z − x)〈DAν ηA(x) η¯Z (y)〉
]
+ ∂xν
[
δ(4)(z − x)〈DAµ ηA(x) η¯Z(y)〉
])}
. (101)
To express 〈Tµν(z)EA(x)η¯Z(y)〉 in terms of 2-point functions and of their derivatives, we use the identity
〈η¯Z(y)DAα ηA(x)〉 =
1
ξ
〈FZ(y)Aα(x)〉 = 0 , (102)
which is proved in appendix (C). This equation relates the correlators in Eq. (101) to two-point functions involving
the photon and the gauge-fixing function of the Z gauge boson FZ . Using (102), we then conclude that
〈Tµν(z)EA(x)η¯Z(y)〉 = 0 . (103)
To complete the simplification of (99) we need to re-express 〈δTµν(z)FA(x)η¯Z(y)〉 in terms of 2-point functions. This
correlation function involves the BRST variation of the EMT, defined in (87), which contains a linear combination of
operators proportional to the equations of motion of the ghosts. For this reason it is more convenient to start from
the same equations functionally averaged as in (88), and then proceed with further differentiations, as shown in Eq.
(89). Finally, we perform a functional differentiation of (89) respect to the sources χA(x) and ωZ(y), analogously
to Eq. (89), thereby obtaining the relation∫
DΦ ei S˜χ
[
∂ρz
(
Aaρ(z)Er(z)
)
∂αAα(x)η¯
Z (y) + i δrZ∂ρz
(
Aρ(z)δ
(4)(z − y)
)
∂αAα(x)
]
= 0 . (104)
Following this procedure for all the terms of δTµν(z) we obtain
〈δTµν(z)∂αAα(x)η¯Z (y)〉 = − i
ξ
{
− ηµν∂σz
[
δ(4)(z − y)〈Zσ(z)∂αAα(x)〉
]
− ∂zνδ(4)(z − y)〈Zµ(z)∂αAα(x)〉 − ∂zµδ(4)(z − y)〈Zν(z)∂αAα(x)〉
}
. (105)
Given that this is the only non-vanishing correlator on the right-hand-side of Eq. (99), we conclude that the BRST
relation that we have been searching for can be expressed in the form
1
ξ
〈Tµν(z)FA(x)FZ (y)〉 = − i
ξ
{
− ηµν∂σz
[
δ(4)(z − y)〈Zσ(z)∂αAα(x)〉
]
+ ∂zνδ
(4)(z − y)〈Zµ(z)∂αAα(x)〉 + ∂zµδ(4)(z − y)〈Zν(z)∂αAα(x)〉
}
. (106)
Notice that on the left-hand-side of this identity, differently from the case of TAA, appear the gauge fixing functions
of the photon and of the Z gauge bosons
FA = ∂σAσ , FZ = ∂σZσ − ξMZφ , (107)
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Figure 4: Decomposition of GAφµνα(p, q) at 1-loop in terms of the amputated correlator Γ
Aφ, 1
µνα (p, q) and of the
corrections on the external legs.
which give
〈Tµν(z)FA(x)FZ (y)〉 = 〈Tµν(z)∂αAα(x)∂βZβ(y)〉 − ξMZ〈Tµν(z)∂αAα(x)φ(y)〉 , (108)
where φ is the Goldstone of the Z. Going to momentum space, with the inclusion of an overall −iκ/2 factor we
define
(2π)4δ(4)(k − p− q)GAZµναβ(p, q) = −i
κ
2
∫
d4z d4x d4y 〈Tµν(z)Aα(x)Zβ(y)〉 e−ik·z+ip·x+iq·y
(2π)4δ(4)(p− q)PAZαβ (p) =
∫
d4x d4y 〈Aα(x)Zβ(y)〉 e−ip·x+iq·y ,
(2π)4δ(4)(k − p− q)GAφµνα(p, q) = −i
κ
2
∫
d4x d4y 〈Tµν(z)Aα(x)φ(y)〉 e−ikz+ip·x+iq·y , (109)
and the final STI (106) in momentum space reads as
pαqβGAZµναβ(p, q)− iξMZpαGAφµνα(p, q) =
κ
2
pα
{
qνP
ZA
µα (p) + qµP
ZA
να (p)− ηµν(p+ q)ρPZAρα (p)
}
. (110)
At this point, we are interested in the identification of a STI for amputated Green functions. For this purpose we
perform a decomposition on the left-hand-side of this equation similarly to Eq. (95) for GAAµναβ(p, q), working in the
1-loop approximation. In this case, the decomposition of the GAZµναβ(p, q) correlator, shown in Fig. (3), is given by
GAZµναβ(p, q) = Γ
AZ, 1
µνσρ (p, q)P
AA
0
σ
α(p)P
ZZ
0
ρ
β(q) + V
hZZ
µνσρ(p, q)P
ZA
1
σ
α(p)P
ZZ
0
ρ
β(q)
+ V hAAµνσρ (p, q)P
AA
0
σ
α(p)P
AZ
1
ρ
β(q) . (111)
This decomposition, differently from the one in Eq. (95), does not contain a tree-level contribution V hAZµναβ(p, q) since
this vertex is zero at the lowest order.
A similar procedure has to be followed for the correlator GAφµνα(p, q). Also in this case the vertices V
hAφ
µνα (p, q),
V hAZµναβ(p, q) and V
hφZ
µνβ (p, q) are zero at tree-level. The 3-point function G
Aφ
µνα(p, q), shown in Fig.(4), is then decom-
posed into the form
GAφµνα(p, q) = Γ
Aφ, 1
µνρ (p, q)P
AA
0
ρ
α(p)P
φφ
0 (q) + V
hAA
µνρσ P
AA
0
ρ
α(p)P
Aφ
1
σ
(q) + V hφφµν P
φA
1 α(p)P
φφ
0 (q) . (112)
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The tree-level vertices used in Eq. (111) and (112) are defined in appendix D. The STI for this correlator is then
obtained from (110) using the decompositions in (111) and (112).
One can show that the terms generated on the left-hand-side of (110) by contracting tree-level vertices with the
1-loop insertions on the external legs, coincide with those generated from the right-hand side at the same order.
For this one can use the expressions given in appendix (F). The result is summarized by the equation
pαqβΓAZ, 1µναβ(p, q) + iξMZp
αΓAφ, 1µνα (p, q) = 0 , (113)
which gives the STI at 1-loop for the amputated functions.
6.3 STI for the TZZ correlator
The derivation of the STI for the TZZ follows a similar pattern. We perform a functional derivative of (69) respect
to the source χZ(x) of the gauge-fixing function FZ(x) and to the source for the antighost η¯Z(y), which is ωZ(y).
We obtain a result quite similar to Eq. (98)∫
DΦ exp
[
i S + i
∫
d4x
(
η¯ZωZ + χZFZ)]{δTµν(z) + i Tµν(z)∫ d4x(− ωZ 1
ξ
FZ + χZEZ
)}
= 0 .
(114)
Here, clearly, EZ(x) is the operator of the equations of motion of the ghost ηZ(x), derived from the BRST variation
of the gauge-fixing function of the Z gauge boson,
δFZ(x) = EZ(x) = ηZ(x) + iecos θW
sin θW
∂ρ(W−ρ η
+ −W+ρ η−)
+
ξeMZ
sin 2θW
[(v +H)ηZ + i cos θW (φ
+η− − φ−η+)]
= ∂ρDZρ η
Z(x) +
ξeMZ
sin 2θW
[(v +H)ηZ + i cos θW (φ
+η− − φ−η+)], (115)
where we have introduced, for convenience, the covariant derivative of the ghost ηZ(x), DZρ η
Z(x), which is given by
DZρ η
Z(x) = ∂ρη
Z(x) + ie
cos θW
sin θW
(W−ρ η
+ −W+ρ η−)(x). (116)
Performing a functional derivative of (114) respect to χZ(x) and ωZ(y) we obtain the equivalent of Eq. (99), which
is
1
ξ
〈Tµν(z)FZ(x)FZ (y)〉 = 〈Tµν(z)EZ(x)η¯Z (y)〉+ 〈δTµν(z)FZ(x)η¯Z(y)〉 . (117)
At this point, the correlation functions on the right-hand-side of (117) must be re-expressed in terms of 2-point
functions and of their derivatives. Also in this case we use a functional average of the equations of motion of the
ghost of the Z gauge boson, ηZ , on the generating functional ZTµν(J ; z). For this reason we start from the correlator
〈Tµν(z)EZ(x)η¯Z (y)〉 and exploit the invariance of ZTµν(J ; z) under the BRST variation of the antighost field η¯Z(x),
η¯Z(x)→ η¯Z(x) + ǫ(x) , (118)
and express the variation of the EMT δη¯ZTµν(z) as an integral, having factorized the parameter ǫ(x),
δη¯ZTµν(z) =
∫
d4x ǫ(x)δ¯η¯ZTµν(z;x). (119)
In this case
δ¯η¯ZTµν(z, x) = −∂xµ[δ(4)(x− z)DZν ηZ(x)] − ∂xν [δ(4)(x− z)DZµ ηZ(x)]
+ηµνδ
(4)(x− z)EZ(x) + ηµν∂ρx[δ(4)(x− z)]DZρ ηZ(x) . (120)
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The equation obtained by the requirement of BRST invariance of ZTµν(J ; z) is∫
DΦ eiS˜
{
Tµν(z)
[
− EZ(x) + ωZ(x)
]
− iδ¯Tµν(z, x)
}
= 0 . (121)
At this point we take a functional derivative of (121) respect to ωZ(y) and then set all the sources to zero, obtaining
〈Tµν(z)EZ(x)η¯Z (y)〉 = −i〈δ¯η¯ZTµν(z, x)η¯Z(y)〉 − iδ(4)(x− y)〈Tµν(z)〉 . (122)
Notice that if we are looking for a STI of connected graphs, then the term −i〈Tµν(z)〉 does not contribute, being a
disconnected part. Expressing δ¯η¯ZTµν(z;x) according to (120), we conclude that Eq. (122) takes the form
〈Tµν(z)EZ(x)η¯Z(y)〉 = −i
{
ηµν〈EZ(x)η¯Z(y)〉δ(4)(x− z) + ηµν∂ρx[δ(4)(x− z)]〈DZρ ηZ(x)η¯Z (y)〉
− ∂xµ
[
δ(4)(x− z)〈DZν ηZ(x)η¯Z (y)〉
]
− ∂xν
[
δ(4)(x− z)〈DZµ ηZ(x)η¯Z (y)〉
]}
. (123)
This equation can be simplified using the identities
〈η¯Z(y)DZρ ηZ(x)〉 =
1
ξ
〈FZ(y)Zρ(x)〉, 〈FZ(x)FZ(y)〉 = −iξδ(4)(x− y) , (124)
which are proven in appendix (C) and we finally obtain the relation
〈Tµν(z)EZ(x)η¯Z (y)〉 = − i
ξ
{
− iξ2ηµνδ(4)(x − y)δ(4)(x− z) + ηµν∂ρx[δ(4)(x − z)]〈Zρ(x)FZ(y)〉
− ∂xµ
[
δ(4)(x− z)〈Zν(x)FZ(y)〉
]
− ∂xν
[
δ(4)(x− z)〈Zµ(x)FZ (y)〉
]}
. (125)
To complete the simplification of Eq. (117) an appropriate reduction of the correlator 〈δTµν(z)FZ(x)η¯Z (y)〉 is
needed. This can be achieved working as in the previous cases. We start from the equations of motion of the ghosts
averaged with the functional integral ZTµν , and then take appropriate functional derivatives respect to the sources
in order to reproduce all the terms of Eq. (87) containing FZ(x) ed η¯Z(y). We obtain the intermediate relation∫
DΦ ei S˜
[
∂ρz
(
Aaρ(z)Er(z)
)FZ(x)η¯Z (y) + i δrZ∂ρz (Aρ(z)δ(4)(z − y))FZ(x)] = 0 , (126)
a = A,Z,+,−, while the final identity is given by
〈δTµν(z)FZ(x)η¯Z (y)〉 = − i
ξ
{
∂zµ[δ
(4)(z − y)]〈Zν(z)FZ(x)〉 + ∂zν [δ(4)(z − y)]〈Zν(z)FZ(x)〉
− ηµν∂ρz
[
δ(4)(z − y)〈Zρ(z)FZ(x)〉
]}
. (127)
Finally, inserting into (117) the results of (125) and (127), we obtain
1
ξ
〈Tµν(z)FZ(x)FZ(y)〉 = − i
ξ
{
− iξ2ηµνδ(4)(x− y)δ(4)(x− z) + ηµν∂ρx
[
δ(4)(x − z)
]
〈Zρ(x)FZ(y)〉
− ∂xµ
[
δ(4)(x− z)〈Zν(x)FZ(y)〉
]
− ∂xν
[
δ(4)(x − z)〈Zµ(x)FZ(y)〉
]
+ ∂zµ
[
δ(4)(z − y)
]
〈Zν(z)FZ(x)〉 + ∂zν
[
δ(4)(z − y)
]
〈Zµ(z)FZ(x)〉
− ηµν∂ρz
(
δ(4)(z − y)〈Zρ(z)FZ(x)〉
)}
. (128)
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We then move to momentum space introducing 2 and 3-point functions, generically defined as
(2π)4δ(4)(p− q)Pφlφm(p) =
∫
d4xd4y 〈φl(x)φm(y)〉e−ipx+iqy , (129)
(2π)4δ(4)(k − p− q)Gφlφmµναβ(p, q) = −i
κ
2
∫
d4zd4xd4y 〈Tµν(z)φl(x)φm(y)〉e−ikz+ipx+iqy , (130)
for generic fields φl = (Z, φ), and rewrite (128) in the form
pαqβGZZµναβ(p, q)− iξMZpαGZφµνα(p, q)− iξMZqβGφZµνβ(p, q)− ξ2M2ZGφφµν (p, q) =
κ
2
{
ipµ[−iqβPZZνβ (q) − ξMZPZφν (q)] + ipν [−iqβPZZµβ (q)− ξMZPZφµ (q)]
+ iqµ[−ipαPZZαν (p)− ξMZPZφν (p)] + iqν [−ipαPZZαµ (p)− ξMZPZφµ (p)]
−iηµνkρ[−iqβP ραZZ(q)− ξMZP ρZφ(q)]− iηµνkρ[−ipαP ραZZ (p)− ξMZP ρZφ(p)]− iξ2ηµν
}
. (131)
As in the cases of TAA and TAZ, we are interested in deriving the form of the STI for amputated correlators.
From the left-hand-side of (131) it is clear that there are 3 correlators which need to be decomposed, i.e. GZZµναβ(p, q),
GZφµνα(p, q) and G
φφ
µν (p, q). We have illustrated pictorially their decompositions at one loop order in Figs. (5), (6)
and (7), while their explicit expressions are given by
GZZµναβ(p, q) = V
hZZ
µνσρ(p, q)P
ZZ
0
σ
α(p)P
ZZ
0
ρ
β(q) + Γ
ZZ, 1
µνσρ (p, q)P
ZZ
0
σ
α(p)P
ZZ
0
ρ
β(q)
+ V hZZµνσρ(p, q)P
ZZ
1
σ
α(p)P
ZZ
0
ρ
β(q) + V
hZZ
µνσρ(p, q)P
ZZ
0
σ
α(p)P
ZZ
1
ρ
β(q) , (132)
GZφµνα(p, q) = Γ
hZφ, 1
µνρ (p, q)P
ZZ
0
ρ
α(p)P
φφ
0 (q) + V
hZZ
µνρ (p, q)P
ZZ
0
ρ
α(p)P
Zφ
1 (q)
+ V hφφµνρ (p, q)P
φZ
1
ρ
α
(p)Pφφ0 (q) , (133)
Gφφµν (p, q) = V
hφφ
µν (p, q)P
φφ
0 (p)P
φφ
0 (q) + Γ
hφφ, 1
µν (p, q)P
φφ
0 (p)P
φφ
0 (q)
+V hφφµνρ (p, q)P
φφ
0 (p)P
φφ
1 (q) + V
hφφ
µνρ (p, q)P
φφ
1 (p)P
φφ
0 (q) . (134)
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Figure 7: One-loop decomposition of Gφφµναβ(p, q) in terms of the amputated function Γ
φφ
µν (p, q) and of the corrections
on the external lines.
Eq. (131), after the insertion of (132), (133) and (134), gives the STI for amputated functions that we have been
looking for. One can explicitly verify that the contributions on the left-hand-side of Eq. (131) - generated both by
the tree-level vertices and by the contraction of these with 1-loop 2-point functions on the external legs - are equal
to the right-hand-side of the same equation. These checks are far from being obvious since they require a complete
and explicit computation of all the correlators, as will be discussed next. Here we just conclude by quoting the STI
for amputated functions, which takes the simpler form
pαqβΓZZ, 1µναβ(p, q) + iξMZp
αΓZφ, 1µνα (p, q) + iξMZq
βΓφZ, 1µνβ (p, q)− ξ2M2ZΓφφ, 1µν (p, q) = 0 . (135)
This and the previous similar STI’s are fundamental relations which define consistently the coupling of one graviton
to the neutral sector of the SM.
7 Perturbative results for all the correlators
In this section we illustrate the various diagrammatic contributions appearing in the perturbative expansion of
the TV V ′ vertex. We show in Figs. (8-16) all the basic diagrams involved, for which we are going to present
explicit results. Figs. (8) and (12) are characterized by a typical triangle topology, while (9) and (13) denote
typical terms where the point of insertion of the EMT coincides with that of a gauge current. We will refer to
these last contributions with the term ”t-bubbles”, while those characterized by two gauge bosons emerging from a
single vertex, such as in Figs. (10) and (14), are called ”s-bubble” diagrams. Other contributions are those with a
topology of tadpoles, shown in Figs. (11), (15) and (16).
The two sectors TAA and TAZ involve 32 diagrams each, while the TZZ correlator includes 70 diagrams. The
computation of these diagrams is rather involved and has been performed in DR using the on-shell renormalization
scheme [23] and the t’Hooft-Veltman prescription for γ5 matrix. We have used a reduction of tensor integrals to the
scalar form and checked explicitly all the Ward and STI’s derived in the previous sections. The reduction involves
non-standard rank-4 integrals (due to the momenta coming from the insertion of the EMT on the triangle topology)
with 3 propagators.
One of the non trivial points of the computation concerns the treatment of diagrams containing fermion loops
and insertions of the EMT on correlators with both vector (JV ) and axial-vector (JA) currents. This problem has
been analyzed and solved in a related work [3] to which we refer for more details. In particular, it has been shown
that there are no mixed chiral and trace anomalies in diagrams of this type even in the presence of explicit mass
corrections, due to the vanishing of the TJV JA vertex mediated by fermion loops. This result has been obtained in
a simple U(1)V ×U(1)A gauge model, with an explicit breaking of the gauge symmetry due to a fermion mass term.
The result remains true both for global and local currents, being the gauge fields (vector and axial-vector) in the
treatment of [3] purely external fields. This preliminary analysis has been instrumental in all the generalizations
discussed in this work.
At this point few more comments concerning the number of form factors introduced in our analysis are in order.
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Figure 8: Amplitudes with the triangle topology for the three correlators TAA, TAZ and TZZ.
We recall, from a previous study [4], that the number of original tensor structures which can be built out of the
metric and of the two momenta p and q of the two gauge lines is 43 before imposing the Ward and the STI’s of
the theory. These have been classified in [4] and [1]. In particular, the form factors appearing in the fermion sector
can be expressed (in the off-shell case) in terms of 13 tensor structures for the case of vector currents and of 22
structures for the axial-vector current, as shown in [3].
In the on-shell case, the fermion loops with external photons are parameterized just by 3 independent form
factors. This analysis has been generalized more recently to QCD, with the computation of the graviton-gluon-
gluon (hgg) vertex in full generality [1]. The entire vertex in the on-shell QCD case - which includes fermion and
gluon loops - is also parameterized just by 3 form factors. A similar result holds for the TAA in the electroweak case.
On the other hand the TZZ and the TAZ correlators have been expressed in terms of 9 form factors. A special
comment deserves the handling of the symbolic computations. These have been performed using some software
entirely written by us and implemented in the symbolic manipulation program MATHEMATICA. This allows the
reduction to scalar form of tensor integrals for correlators of rank-4 with the triangle topology. The software alllows
to perform direct tests of all the Ward and Slavnov-Taylor identities on the correlator, which are crucial in order
to secure the correctness of the result.
7.1 Γµναβ(p, q) and the terms of improvement
Before giving the results for the anomalous correlators, we pause for some comments.
In our computations the gravitational field is non-dynamical and the analysis of the Ward and STI’s shows that
these can be consistently solved only if we include the graviton-Higgs mixing on the graviton line. In other words,
the graviton line is uncut. We will denote with ∆µναβ(p, q) these extra contributions and with Σµναβ(p, q) the
completely cut vertex. These two contributions appear on the right-hand-side of the expression of the correlation
function Γµναβ(p, q)
Γµναβ(p, q) = Σµναβ(p, q) + ∆µναβ(p, q). (136)
Finally, we just mention that we have excluded from the final expressions of the vertices all the contributions at
tree-level. For this reason our results are purely those responsible for the generation of the anomaly.
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Figure 9: Amplitudes with t-bubble topology for the three correlators TAA, TAZ and TZZ.
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Figure 10: Amplitudes with s-bubble topology for the three correlators TAA, TAZ and TZZ.
7.2 Results for the TAA correlator
In this section we present the one-loop result of the computation of these correlators for on-shell vector bosons lines
and discuss some of their interesting features, such as the appearance of massless anomaly poles in all the gauge
invariants subsectors of the perturbative expansion.
We start from the case of the TAA vertex and then move to the remaining ones. In this case the full irreducible
contribution Σµναβ(p, q) is written in the form
Σµναβ(p, q) = ΣµναβF (p, q) + Σ
µναβ
B (p, q) + Σ
µναβ
I (p, q), (137)
where each term can be expanded in a tensor basis
ΣµναβF (p, q) =
3∑
i=1
Φi F (s, 0, 0,m
2
f)φ
µναβ
i (p, q) , (138)
ΣµναβB (p, q) =
3∑
i=1
Φi B(s, 0, 0,M
2
W )φ
µναβ
i (p, q) , (139)
ΣµναβI (p, q) = Φ1 I(s, 0, 0,M
2
W )φ
µναβ
1 (p, q) + Φ4 I(s, 0, 0,M
2
W )φ
µναβ
4 (p, q) . (140)
The tensor basis on which we expand the on-shell vertex is given by
φµναβ1 (p, q) = (s η
µν − kµkν)uαβ(p, q),
φµναβ2 (p, q) = −2 uαβ(p, q) [s ηµν + 2(pµ pν + qµ qν)− 4 (pµ qν + qµ pν)] ,
φµναβ3 (p, q) =
(
pµqν + pνqµ
)
ηαβ +
s
2
(
ηανηβµ + ηαµηβν
)− ηµν uαβ(p, q)
− (ηβνpµ + ηβµpν) qα − (ηανqµ + ηαµqν)pβ,
φµναβ4 (p, q) = (s η
µν − kµkν) ηαβ . (141)
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Figure 11: Amplitudes with the tadpole topology for the three correlators TAA, TAZ and TZZ.
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Figure 12: Amplitudes with the triangle topology for the correlator TZZ.
where uαβ(p, q) has been defined as
uαβ(p, q) ≡ (p · q) ηαβ − qα pβ , (142)
among which only φµναβ1 shows manifestly a trace, the remaining ones being traceless.
The one loop vertex Σµναβ(p, q) with two on-shell photons is expressed as a sum of a fermion sector (F) (Fig.
8(a), Fig. 9(a)) , a gauge boson sector (B) (Fig. 8(b)-(g), Fig. 9(b)-(g), Fig. 10, Fig. 11) and a term of improvement
denoted as ΣµναβI . The contribution from the term of improvement is given by the diagrams depicted in Fig. 8(c),
(d) and Fig. 10(b), with the graviton - scalar - scalar vertices determined by the T µνI .
The first three arguments of the form factors stand for the three independent kinematical invariants k2 = (p+q)2 = s,
p2 = q2 = 0 while the remaining ones denote the particle masses circulating in the loop.
As already shown for QED and QCD, in the massless limit (i.e. before electroweak symmetry breaking), the
entire contribution to the trace anomaly comes from the first tensor structure φ1 both for the fermion and for the
gauge boson cases.
In the fermion sector the form factors are given by
Φ1F (s, 0, 0, m
2
f ) = −i
κ
2
α
3π s
Q2f
{
− 2
3
+
4m2f
s
− 2m2f C0(s, 0, 0,m2f ,m2f ,m2f )
[
1− 4m
2
f
s
]}
,
(143)
Φ2F (s, 0, 0, m
2
f ) = −i
κ
2
α
3π s
Q2f
{
− 1
12
− m
2
f
s
− 3m
2
f
s
D0(s, 0, 0,m2f ,m2f)
− m2fC0(s, 0, 0,m2f ,m2f ,m2f)
[
1 +
2m2f
s
]}
, (144)
Φ3F (s, 0, 0, m
2
f ) = −i
κ
2
α
3π s
Q2f
{
11 s
12
+ 3m2f +D0(s, 0, 0,m2f ,m2f )
[
5m2f + s
]
+ sB0(0,m2f ,m2f ) + 3m2f C0(s, 0, 0,m2f ,m2f ,m2f )
[
s+ 2m2f
]}
. (145)
The form factor Φ1F is characterized by the presence of an anomaly pole
ΦF1 pole ≡ iκ
α
9π s
Q2f (146)
which is responsible for the generation of the anomaly in the massless limit. This 1/s behaviour of the amplitude
is also clearly identifiable in a m2f/s (asymptotic) expansion (s≫ m2f ), where mf denotes generically any fermion
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Figure 13: Amplitudes with the t-bubble topology for the correlator TZZ.
H
H
(a)
φ
φ
(b)
Figure 14: Amplitudes with the s-bubble topology for the correlator TZZ.
of the SM. In this second case, the scaleless contribution associated with the exchange of a massless state (i.e. the
1/s term) is corrected by other terms which are suppressed as powers of m2f/s. This pattern, as we are going to
show, is general.
The other gauge-invariant sector of the TAA vertex is the one mediated by the exchange of bosons and ghosts
in the loop. In this sector the form factors are given by
Φ1B(s, 0, 0, M
2
W ) = −i
κ
2
α
π s
{
5
6
− 2M
2
W
s
+ 2M2W C0(s, 0, 0,M2W ,M2W ,M2W )
[
1− 2M
2
W
s
]}
,
(147)
Φ2B(s, 0, 0, M
2
W ) = −i
κ
2
α
π s
{
1
24
+
M2W
2 s
+
3M2W
2 s
D0(s, 0, 0,M2W ,M2W )
+
M2W
2
C0(s, 0, 0,M2W ,M2W ,M2W )
[
1 +
2M2W
s
]}
, (148)
Φ3B(s, 0, 0, M
2
W ) = −i
κ
2
α
π s
{
− 15 s
8
− 3M
2
W
2
− 1
2
D0(s, 0, 0,M2W ,M2W )
[
5M2W + 7 s
]
− 3
4
sB0(0,M2W ,M2W )− C0(s, 0, 0,M2W ,M2W ,M2W )
[
s2 + 4M2W s+ 3M
4
W
]}
. (149)
As in the previous case, we focus our attention on Φ1B, which multiplies the tensor structure φ1, responsible for
the generation of the anomalous trace. In this case the contribution of the anomaly pole is isolated in the form
Φ1B,pole ≡ −iκ
2
α
π s
5
6
. (150)
It is clear, also in this case, that in the massless limit (MW = 0), i.e. in the symmetric phase of the theory, this pole
is completely responsible for the generation of the anomaly. At the same time, at high energy (i.e. for s ≫ M2W )
the massless exchange can be easily exposed as a dominant contribution to the trace part of the correlator. Notice
that, in general, the correlator has other 1/s singularities in the remaining form factors and even constant terms
which are unsuppressed for a large s, but these are not part of the trace.
The contributions coming from the term of improvement are characterized just by two form factors
Φ1 I(s, 0, 0, M
2
W ) = −i
κ
2
α
3π s
{
1 + 2M2W C0(s, 0, 0,M
2
W ,M
2
W ,M
2
W )
}
, (151)
Φ4 I(s, 0, 0, M
2
W ) = i
κ
2
α
6π
M2W C0(s, 0, 0,M
2
W ,M
2
W ,M
2
W ) . (152)
28
H(a)
φ
(b)
Figure 15: Amplitudes with the tadpole topology for the correlator TZZ.
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Figure 16: Amplitudes with the Higgs tadpole for the correlator TZZ which vanish after renormalization.
Now we consider the external graviton leg corrections ∆µναβ(p, q). In this case only the term of improvement
contributes with the diagram depicted in Fig. 17
∆µναβ(p, q) = ∆µναβI (p, q)
= Ψ1 I(s, 0, 0,m
2
f ,M
2
W ,M
2
H)φ
µναβ
1 (p, q) + Ψ4 I(s, 0, 0,M
2
W )φ
µναβ
4 (p, q) . (153)
This is built by combining the tree level vertex for graviton/Higgs mixing - coming from the improved EMT - and
the Standard Model Higgs/photon/photon correlator at one-loop
Ψ1 I(s, 0, 0, m
2
f ,M
2
W ,M
2
H) = −i
κ
2
α
3π s(s−M2H)
{
2m2f Q
2
f
[
2 + (4m2f − s)C0(s, 0, 0,m2f ,m2f ,m2f )
]
+M2H + 6M
2
W + 2M
2
W (M
2
H + 6M
2
W − 4s)C0(s, 0, 0,M2W ,M2W ,M2W )
}
, (154)
Ψ4 I(s, 0, 0,M
2
W ) = −Φ4 I(s, 0, 0, M2W ) . (155)
7.3 Results for the TAZ correlator
We proceed with the analysis of the TAZ correlator, in particular we start with the irreducible vertex Σµναβ(p, q)
that can be defined, as in the previous case, as a sum of the three gauge invariant contributions: the fermion sector
(F), (Fig. 8(a), Fig. 9(a)), the gauge boson sector (B), (Fig. 8(b)-(g), Fig. 9(b)-(g), Fig. 10, Fig. 11) and the
improvement term (I) given by the diagrams depicted in Fig. 8(c), (d) and Fig. 10(b), with the graviton - scalar -
scalar vertices determined by the T µνI
Σµναβ(p, q) = ΣµναβF (p, q) + Σ
µναβ
B (p, q) + Σ
µναβ
I (p, q). (156)
Each of these terms can be expanded in the on-shell case (p2 = 0, q2 =M2Z) on a tensor basis f
µναβ
i (p, q)
ΣµναβF (p, q) =
7∑
i=1
Φi F (s, 0,M
2
Z,m
2
f ) f
µναβ
i (p, q) , (157)
ΣµναβB (p, q) =
9∑
i=1
ΦiB(s, 0,M
2
Z,M
2
W ) f
µναβ
i (p, q) , (158)
ΣµναβI (p, q) = Φ1 I(s, 0,M
2
Z,M
2
W ) f
µναβ
1 (p, q) + Φ8 I(s, 0,M
2
Z ,M
2
W ) f
µναβ
8 (p, q) . (159)
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Figure 18: Leg corrections to the external graviton for the TZZ correlator.
For the on-shell TAZ correlator the tensor structures are explicitly defined as
fµναβ1 (p, q) = (s η
µν − kµkν)[1
2
(
s−M2Z
)
ηαβ − qαpβ] ,
fµναβ2 (p, q) = p
µpν [
1
2
(
s−M2Z
)
ηαβ − qαpβ] ,
fµναβ3 (p, q) = (M
2
Z η
µν − 4qµqν)[1
2
(
s−M2Z
)
ηαβ − qαpβ] ,
fµναβ4 (p, q) = [
1
2
(
s−M2Z
)
ηµν − 2(qµpν + pµqν)][1
2
(
s−M2Z
)
ηαβ − qαpβ ] ,
fµναβ5 (p, q) = p
β[
1
2
(
s−M2Z
)
(ηανqµ + ηαµqν)− qα(qµpν + pµqν)] ,
fµναβ6 (p, q) = p
β[
1
2
(
s−M2Z
)
(ηανpµ + ηαµpν)− 2qαpµpν ] ,
fµναβ7 (p, q) = (p
µqν + pνqµ)ηαβ +
1
2
(
s−M2Z
)
(ηανηβµ + ηαµηβν)− ηµν [ 1
2
(
s−M2Z
)
ηαβ − qαpβ ]
− (ηβνpµ + ηβµpν)qα − (ηανqµ + ηαµqν)pβ ,
fµναβ8 (p, q) = (s η
µν − kµkν)ηαβ ,
fµναβ9 (p, q) = q
α[3s(ηβµpν + ηβνpµ)− pβ(s ηµν + 2kµkν)]. (160)
We collect here just the form factors in the fermion and boson sectors which contribute to the trace anomaly, while
the remaining ones are given in appendix G
Φ
(F )
1 (s, 0,M
2
Z,m
2
f ) = −i
κ
2
α
3πs sw cw
Cfv Qf
{
− 1
3
+
2m2f
s−M2Z
+
2m2f M
2
Z
(s−M2Z)2
D0
(
s,M2Z ,m
2
f ,m
2
f
)
−m2f
[
1− 4m
2
f
s−M2Z
]
C0
(
s, 0,M2Z,m
2
f ,m
2
f ,m
2
f
)}
, (161)
Φ
(B)
1 (s, 0,M
2
Z,M
2
W ) = −i
κ
2
α
3πs sw cw
{
1
12
(37− 30s2w)−
M2Z
2(s−M2Z)
(12s4w − 24s2w + 11)
− M
2
Z
2 (s−M2Z)2
(
2M2Z
(
6s4w − 11s2w + 5
)− 2s2ws+ s)D0 (s,M2Z ,M2W ,M2W )
− M
2
Zc
2
w
s−M2Z
(
2M2Z
(
6s4w − 15s2w + 8
)
+ s
(
6s2w − 5
)) C0 (s, 0,M2Z,M2W ,M2W ,M2W )} . (162)
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Moreover, the improvement term is defined by the following two form factors
Φ1 I(s, 0,M
2
Z,M
2
W ) = −i
κ
2
α (c2w − s2w)
6π sw cw (s−M2Z)
{
1 + 2M2W C0
(
s, 0,M2Z,M
2
W ,M
2
W ,M
2
W
)
,
+
M2Z
s−M2Z
D0
(
s,M2Z,M
2
W ,M
2
W
)}
, (163)
Φ2 I(s, 0,M
2
Z,M
2
W ) = −i
κ
2
α
6π
s2wM
2
Z C0
(
s, 0,M2Z,M
2
W ,M
2
W ,M
2
W
)
. (164)
Now we consider the external graviton leg corrections ∆µναβ(p, q). In this case only the improvement term con-
tributes with the diagram shown in Fig. 17
∆µναβ(p, q) = ∆µναβI (p, q)
= Ψ1 I(s, 0,M
2
Z,m
2
f ,M
2
W ,M
2
H)φ
µναβ
1 (p, q) + Ψ4 I(s, 0,M
2
Z ,M
2
W )φ
µναβ
4 (p, q). (165)
This is built by joining the graviton/Higgs mixing tree level vertex - coming from the improved energy-momentum
tensor - and the Standard Model Higgs/photon/Z boson one-loop correlator.
Ψ1 I(s, 0,M
2
Z,m
2
f ,M
2
W ,M
2
H) = −i
κ
2
α
6π sw cw (s−M2H)(s−M2Z)
{
2m2f C
f
v Qf
[
2 + 2
M2Z
s−M2Z
D0
(
s,M2Z ,m
2
f ,m
2
f
)
+(4m2f +M
2
Z − s)C0
(
s, 0,M2Z,m
2
f ,m
2
f ,m
2
f
) ]
+M2H(1− 2s2w) + 2M2Z(6s4w − 11s2w + 5)
+
M2Z
s−M2Z
(
M2H(1− 2s2w) + 2M2Z(6s4w − 11s2w + 5)
)D0 (s,M2Z ,M2W ,M2W )
+2M2W C0
(
s, 0,M2Z ,M
2
W ,M
2
W ,M
2
W
) (
M2H(1− 2s2w) + 2M2Z(6s4w − 15s2w + 8) + 2s(4s2w − 3)
)}
,
(166)
Ψ4 I(s, 0,M
2
Z,M
2
W ) = −i
κ
2
α cw
6π sw
M2Z
{
2
s−M2H
B0
(
0,M2W ,M
2
W
)− s2w C0 (s, 0,M2Z ,M2W ,M2W ,M2W )}.
(167)
7.4 Results for the TZZ correlator
Our analysis starts with the irreducible amplitude and then we move to the insertions on the external graviton leg.
The irreducible vertex Σµναβ(p, q) of the TZZ correlator for on-shell Z bosons can be separated into three contri-
butions defined by the mass of the particles circulating in the loop, namely the fermion mass mf (fermion sector
(F) with diagrams depicted in Fig. 8(a), Fig. 9(a)), the W gauge boson mass MW (the W gauge boson sector (W)
with diagrams Fig. 8(b)-(g), Fig. 9(b)-(g), Fig. 10, Fig. 11),the Z and the Higgs bosons masses, MZ and MH
((Z,H) sector with the contributions represented in Figs. 12 - 15), which cannnot be separated because of scalar
integrals with both masses in their internal lines. There is also a diagram proportional to a Higgs tadpole (Fig.
16(a)) which vanishes after renormalization and so it is not included in the results given below. Finally there is the
improvement term (I) given by the diagrams depicted in Fig. 8(c), (d), Fig. 10(b), Fig. 12(b), (c), (d) and Fig. 14
with the graviton - scalar - scalar vertices given by the T µνI . We obtain
Σµναβ(p, q) = ΣµναβF (p, q) + Σ
µναβ
W (p, q) + Σ
µναβ
Z,H (p, q) + Σ
µναβ
I (p, q). (168)
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These four on-shell contributions can be expanded on a tensor basis given by 9 tensors
tµναβ1 (p, q) = (sg
µν − kµkν)
[(s
2
−M2Z
)
gαβ − qαpβ
]
,
tµναβ2 (p, q) = (sg
µν − kµkν)gαβ ,
tµναβ3 (p, q) = g
µνgαβ − 2 (gµαgνβ + gµβgνα) ,
tµναβ4 (p, q) = (p
µpν + qµqν) gαβ −M2Z
(
gµαgνβ + gµβgνα
)
,
tµναβ5 (p, q) = (p
µqν + qµpν) gαβ −
(s
2
−M2Z
) (
gµαgνβ + gµβgνα
)
,
tµναβ6 (p, q) = (g
µαqν + gναqµ) pβ +
(
gµβpν + gνβpµ
)
qα − gµνpβqα ,
tµναβ7 (p, q) = (g
µαpν + gναpµ) pβ +
(
gµβqν + gνβqµ
)
qα ,
tµναβ8 (p, q) =
[
2 (pµpν + qµqν)−M2Zgµν
]
pβqα ,
tµναβ9 (p, q) =
[
2 (pµqν + qµpν)−
(s
2
−M2Z
)
gµν
]
pβqα , (169)
and can be written in terms of form factors Φi
ΣµναβF (p, q) =
9∑
i=1
Φ
(F )
i (s,M
2
Z ,M
2
Z ,m
2
f ) t
µναβ
i (p, q) , (170)
ΣµναβW (p, q) =
9∑
i=1
Φ
(W )
i (s,M
2
Z ,M
2
Z ,M
2
W ) t
µναβ
i (p, q) , (171)
ΣµναβZ,H (p, q) =
9∑
i=1
Φ
(Z,H)
i (s,M
2
Z ,M
2
Z ,M
2
Z,M
2
H) t
µναβ
i (p, q) , (172)
ΣµναβI (p, q) = Φ
(I)
1 (s,M
2
Z ,M
2
Z,M
2
W ,M
2
Z ,M
2
H) t
µναβ
1 (p, q) + Φ
(I)
2 (s,M
2
Z ,M
2
Z ,M
2
W ,M
2
Z ,M
2
H) t
µναβ
2 (p, q) ,
(173)
where the first three arguments of the Φi represent the mass-shell and virtualities of the external lines k
2 = s, p2 =
q2 =M2Z , while the remaining ones give the masses in the internal lines.
Moreover, we expand each form factor into a basis of independent scalar integrals.
7.4.1 The fermion sector
We start from the fermion contribution to TZZ and then move to those coming from a W running inside the loop
(W loops) or a Z and a Higgs (Z,H loops). We expand each form factor in terms of coefficients C(F )
i
j
Φ
(F )
i (s,M
2
Z ,M
2
Z ,m
2
f ) =
4∑
j=0
C(F )
i
j
(s,M2Z ,M
2
Z ,m
2
f ) I(F )j (174)
where I(F )j are a set of scalar integrals given by
I(F )0 = 1 ,
I(F )1 = A0(m2f ) ,
I(F )2 = B0(s,m2f ,m2f) ,
I(F )3 = D0(s,M2Z ,m2f ,m2f ) ,
I(F )4 = C0(s,M2Z ,M2Z ,m2f ,m2f ,m2f ) . (175)
32
As in the previous case, only Φ
(F )
1 contributes to the anomaly, and we will focus our attention only on this form
factor. The expressions of all the coefficients C(F )
i
j
for (i 6= 1) can be found in appendix G. We obtain
C(F )
1
0
= − iκ αm
2
f
6πs2c2ws
2
w (s− 4M2Z)
(
s− 2M2Z
) (
Cf 2a + C
f 2
v
)
+
iα κ
36πc2ws
2
w s
(
Cf 2a + C
f 2
v
)
,
C(F )
1
1
= C(F )
1
2
= 0 ,
C(F )
1
3
= − iκ αm
2
f
3πs2c2w (s− 4M2Z) 2s2w
((
2M4Z − 3sM2Z + s2
)
Cf 2a + C
f 2
v M
2
Z
(
2M2Z + s
))
, ,
C(F )
1
4
= − iκ αm
2
f
12πs2c2w (s− 4M2Z) 2s2w
(
s− 2M2Z
)( (
4M4Z − 2
(
8m2f + s
)
M2Z + s
(
4m2f + s
))
Cf 2a
+Cf 2v
(
4M4Z + 2
(
3s− 8m2f
)
M2Z − s
(
s− 4m2f
)))
. (176)
The anomaly pole of Φ
(F )
1 is entirely contained in C(F )
1
0
and it is given by
Φ
(F )
1 pole ≡
iα κ
(
Cf 2a + C
f 2
v
)
36πc2ws
2
w s
. (177)
7.4.2 The W boson sector
As we move to the contributions coming from loops of W ’s, the 9 form factors are expanded as
Φ
(W )
i (s,M
2
Z ,M
2
Z ,M
2
W ) =
4∑
j=0
C(W )
i
j
(s,M2Z ,M
2
Z,M
2
W ) I(W )j (178)
where I(W )j are now given by
I(W )0 = 1 ,
I(W )1 = A0(M2W ) ,
I(W )2 = B0(s,M2W ,M2W ) ,
I(W )3 = D0(s,M2Z ,M2W ,M2W ) ,
I(W )4 = C0(s,M2Z ,M2Z ,M2W ,M2W ,M2W ) . (179)
The anomaly pole is extracted from the expansion of Φ
(W )
1 , whose coefficients are
C(W )
1
0
=
−iκ α
2s2w c
2
w π s
{
M2Z
6s (s− 4M2Z)
[
2M2Z
(−12s6w + 32s4w − 29s2w + 9)
+s
(
12s6w − 36s4w + 33s2w − 10
)]
+
(60s4w − 148s2w + 81)
72
}
,
C(W )
1
1
= C(W )
1
2
= 0 ,
C(W )
1
3
=
−iκ αM2Z
12s2w c
2
w π s
2 (s− 4MZ)2
(
4M4Z(12s
6
w − 32s4w + 29s2w − 9)
+2M2Zs(s
2
w − 2)(12s4w − 12s2w + 1) + s2(−4s4w + 8s2w − 5)
)
,
C(W )
1
4
=
−iκ αM2Z
12s2w c
2
w π s
2 (s− 4MZ)2
(
− 4M6Z(s2w − 1)(4s2w − 3)(12s4w − 20s2w + 9)
+2M4Zs(18s
4
w − 34s2w + 15)(4(s2w − 3)s2w + 7)− 2M2Zs2(12s8w − 96s6w
+201s4w − 157s2w + 41) + s3(−12s6w + 32s4w − 27s2w + 7)
)
. (180)
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As one can immediately see, the pole is entirely contained in C(W )
1
0
, and we obtain
Φ
(W )
1 pole ≡ −i
κ
2
α
s2w c
2
w π s
(60s4w − 148s2w + 81)
72
. (181)
7.4.3 The (Z,H) sector
Finally, the last contribution to investigate in the TZZ vertex is the one coming from a Higgs (H) or a Z boson
(Z) running in the loops. Also in this case we obtain
Φ
(Z,H)
i (s,M
2
Z ,M
2
Z ,M
2
Z ,M
2
H) =
8∑
j=0
C(Z,H)
i
j
(s,M2Z ,M
2
Z ,M
2
Z ,M
2
H) I(Z,H)j (182)
with the corresponding I(Z,H)j given by
I(Z,H)0 = 1 ,
I(Z,H)1 = A0(M2Z) ,
I(Z,H)2 = A0(M2H) ,
I(Z,H)3 = B0(s,M2Z ,M2Z) ,
I(Z,H)4 = B0(s,M2H ,M2H) ,
I(Z,H)5 = B0(M2Z ,M2Z ,M2H) ,
I(Z,H)6 = C0(s,M2Z ,M2Z ,M2Z ,M2H ,M2H) ,
I(Z,H)7 = C0(s,M2Z ,M2Z ,M2H ,M2Z ,M2Z) . (183)
Again, as before, the contributions to Φ
(Z,H)
1 are those responsible for a non vanishing trace in the massless limit.
These are given by
C(Z,H)
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with the anomaly pole, extracted from C(Z,H)
1
0
, given by
Φ
(Z,H)
1 pole ≡
7iακ
144πsc2ws
2
w
. (185)
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7.4.4 Terms of improvement and external leg corrections
The expression of form factors Φ
(I)
1 and Φ
(I)
2 coming from the terms of improvement for the Σ
µναβ
I (p, q) vertex are
given in appendix G.5.
The next task is to analyze the external leg corrections to the TZZ correlator. This case is much more involved
than the previous one because there are contributions coming from the minimal EMT (i.e. without the improvement
terms) Fig. 16(b), Fig. 18(a)-(b) and from the improved T µνI . This last contribution can be organized into three
sectors: the first is characterized by a contribution from the one-loop graviton/Higgs two-point function Fig. 16(b),
Fig. 18(a). The second is constructed with the Higgs self-energy Fig. 18(c) and the last is built with the Standard
Model Higgs/Z/Z one-loop vertex Fig. 17. Furthermore, it is important to note that the diagram depicted in Fig.
16(b) is proportional to the Higgs tadpole and vanishes in our renormalization scheme.
The ∆µναβ(p, q) correlator is decomposed as
∆µναβ(p, q) =
[
ΣµνMin, hH(k) + Σ
µν
I, hH(k)
]
i
k2 −M2H
V αβHZZ + V
µν
I, hH(k)
i
k2 −M2H
ΣHH(k
2)
i
k2 −M2H
V αβHZZ
+ ∆µναβI,HZZ (p, q) (186)
where ΣHH(k
2) is the Higgs self-energy given in appendix (F) for completeness, V αβHZZ and V
µν
I, hH are tree level
vertices defined in appendix (D) and ∆µναβI,HZZ(p, q) is expanded into the two form factors of improvement as
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where the basis of scalar integrals I(F )j and I(W )j have been defined respectively in Eq. 175 and 179. The (Z,H)
sector is expanded into a different set (instead of Eq. 183) which is given by
J (Z,H)0 = 1 ,
J (Z,H)1 = A0
(
M2Z
)
,
J (Z,H)2 = A0
(
M2H
)
,
J (Z,H)3 = B0
(
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)
,
J (Z,H)4 = B0
(
s,M2H ,M
2
H
)
,
J (Z,H)5 = B0
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M2Z ,M
2
Z ,M
2
H
)
,
J (Z,H)6 = C0
(
s,M2Z ,M
2
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2
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2
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H
)
,
J (Z,H)7 = C0
(
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2
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Z
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. (188)
The expressions of these coefficients together with the graviton-Higgs mixing ΣµνMin, hH(k), Σ
µν
I, hH(k) can be found
in appendix G.6.
8 Renormalization
In this section we discuss the renormalization of the correlators. This is based on the identification of the 1-
loop counterterms to the Standard Model Lagrangian which, in turn, allow to extract a counterterm vertex for
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the improved EMT. We have checked that the renormalization of all the parameters of the Lagrangian is indeed
sufficient to cancel all the singularities of all the vertices, as expected. We have used the on-shell scheme which
is widely used in the electroweak theory. In this scheme the renormalization conditions are fixed in terms of the
physical parameters of the theory to all orders in perturbation theory. These are the masses of physical particles
MW ,MZ,MH ,mf , the electric charge e and the quark mixing matrix Vij . The renormalization conditions on the
fields - which allow to extract the renormalization constants of the wave functions - are obtained by requiring a
unit residue of the full 2-point functions on the physical particle poles.
We start by defining the relations
e0 = (1 + δZe)e ,
M2W,0 = M
2
W + δM
2
W ,
M2Z,0 = M
2
Z + δM
2
Z ,
M2H,0 = M
2
H + δM
2
H ,(
Z0
A0
)
=
(
1 + 12δZZZ
1
2δZZA
1
2δZAZ 1 +
1
2δZAA
)(
Z
A
)
,
H0 =
(
1 +
1
2
δZH
)
H. (189)
At the same time we need the counterterms for the sine of the Weinberg angle sw and of the vev of the Higgs field
v
sw ,0 = sw + δsw , v0 = v + δv, (190)
which are defined to all orders by the relations
s2w = 1−
M2W
M2Z
, v2 = 4
M2W s
2
w
e2
, (191)
and are therefore linked to the renormalized masses and gauge couplings. Specifically, one obtains
δsw
sw
= − c
2
w
2s2w
(
δM2W
M2W
− δM
2
Z
M2Z
)
,
δv
v
=
(
1
2
δM2W
M2W
+
δsw
sw
− δZe
)
, (192)
while electromagnetic gauge invariance gives
δZe = −1
2
δZAA +
sw
2cw
δZZA. (193)
We also recall that the wave function renormalization constants are defined in terms of the 2-point functions of the
fundamental fields as
δZAA = −∂Σ
AA
T (k
2)
∂k2
∣∣∣∣
k2=0
, δZAZ = −2ReΣ
AZ
T (M
2
Z)
M2Z
, δZZA = 2
ΣAZT (0)
M2Z
,
δZZZ = −Re∂Σ
ZZ
T (k
2)
∂k2
∣∣∣∣
k2=M2
Z
, δZH = −Re∂ΣHH(k
2)
∂k2
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k2=M2
H
, δM2Z = ReΣ
ZZ
T (M
2
Z) ,
δM2W = R˜eΣ
WW
T (M
2
W ) , δM
2
H = ReΣHH(M
2
H). (194)
From the counterterms Lagrangian defined in terms of the ZV V ′ factors given above, we compute the corresponding
counterterm to the EMT δT µν and renormalized EMT
T µν0 = T
µν + δT µν (195)
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which is sufficient to cancel all the divergences of the theory. One can also verify from the explicit computation that
the terms of improvement, in the conformally coupled case, are necessary to renormalize the vertices containing an
intermediate scalar with an external bilinear mixing (graviton/Higgs). The vertices extracted from the counterterms
are given by
δ[TAA]µναβ(k1, k2) = −iκ
2
{
k1 · k2 Cµναβ +Dµναβ(k1, k2)
}
δZAA , (196)
δ[TAZ]µναβ(k1, k2) = −iκ
2
{(
δcAZ1 k1 · k2 + δcAZ2 M2Z
)
Cµναβ + δcAZ1 D
µναβ(k1, k2)
}
, (197)
δ[TZZ]µναβ(k1, k2) = −iκ
2
{(
δcZZ1 k1 · k2 + δcZZ2 M2Z
)
Cµναβ + δcZZ1 D
µναβ(k1, k2)
}
, (198)
where the coefficients δc are defined as
δcAZ1 =
1
2
(δZAZ + δZZA) , δc
AZ
2 =
1
2
δZZA , δc
ZZ
1 = δZZZ , δc
ZZ
2 =M
2
Z δZZZ + δM
2
Z . (199)
These counterterms are sufficient to remove the divergences of the completely cut graphs (Σµναβ(p, q)) which do not
contain a bilinear mixing, once we set on-shell the external gauge lines. This occurs both for those diagrams which
do not involve the terms of improvement and for those involving TI . Regarding those contributions which involve
the bilinear mixing on the external graviton line, we encounter two situations. For instance, the insertion of the
bilinear mixing on the TAA vertex generates a reducible diagram of the form Higgs/photon/photon which does not
require any renormalization, being finite. Its contribution has been denoted as ∆µναβI (p, q) in Eq. (153). In the case
of the TAZ vertex the corresponding contribution is given in Eq. (165). In this second case the renormalization is
guaranteed, within the Standard Model, by the use of the Higgs/photon/Z counterterm
δ[HAZ]αβ = i
eMZ
2swcw
δZZA η
αβ . (200)
As a last case, we discuss the contribution to TZZ coming from the bilinear mixing. The corrections on the graviton
line involve the graviton/Higgs mixing iΣµνhH(k), the Higgs self-energy iΣHH(k
2) and the term of improvement
∆µναβI ,HZZ(p, q), which introduces the Higgs/Z/Z vertex (or HZZ) of the Standard Model. The Higgs self-energy and
the HZZ vertex, in the Standard Model, are renormalized with the counterterms
δ[HH ](k2) = i(δZH k
2 −M2HδZH − δM2H) , (201)
δ[HZZ]αβ = i
eMZ
sw cw
[
1 + δZe +
2s2w − c2w
c2w
δsw
sw
+
1
2
δM2W
M2W
+
1
2
δZH + δZZZ
]
ηαβ . (202)
The self-energy iΣµνhH(k) is defined by the minimal contribution generated by T
Min
µν and by a second term derived
from T Iµν . This second term is necessary in order to ensure the renormalizability of the graviton/Higgs mixing. In
fact, the use of the minimal EMT in the computation of this self-energy involves a divergence of the form
δ[hH ]µνMin = i
κ
2
δt ηµν , (203)
with δt fixed by the condition of cancellation of the Higgs tadpole Tad (δt+Tad = 0) and hence of any linear term in
H within the 1-loop effective Lagrangian of the Standard Model. A simple analysis of the divergences in iΣµνMin, hH
shows that the counterterm given in Eq. 203 is not sufficient to remove all the singularities of this correlator unless
we also include the renormalization of the term of improvement which is given by
δ[hH ]µνI (k) = −i
κ
2
(
−1
3
)
i
[
δv +
1
2
δZH
]
v (k2 ηµν − kµkν). (204)
One can show explicitly that this counterterm indeed ensures the finiteness of iΣµνhH(k).
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9 Comments
Before coming to our conclusions, we pause for some comments on the meaning and the implications of the current
computation in a more general context. This concerns the superconformal anomaly and its coupling to supergravity,
aspects that we will address more completely in the near future.
The study of the mechanism of anomaly mediation between the Standard Model and gravity has several inter-
esting features which for sure will require further analysis in order to be put on a more rigorous basis. However,
here we have preliminarily shown that the perturbative structure of a correlator - obtained by the insertion of
a gravitational field on 2-point functions of gauge fields - can be organized in terms of a rather minimal set of
fundamental form factors. Their expressions have been given in this work, generalizing previous results in the QED
and QCD cases. The trace anomaly can be attributed, in all the cases, just to one specific tensor structure, as
discussed in the previous analysis.
We have also seen that at high energy the breaking of conformal invariance, in a theory with a Higgs mechanism,
has two sources, one of them being radiative. This can be attributed to the exchange of anomaly poles in each
gauge invariant sector of the graviton/gauge/gauge vertex, while the second one is explicit. As discussed in [5] this
result has a simple physical interpretation, since it is an obvious consequence of the fact that at an energy much
larger than any scale of the theory, we should recover the role of the anomaly and its pole-like behaviour.
In turn, this finding sheds some light on the significance of the anomaly cancellation mechanism in 4-dimensional
field theory - discussed in the context of supersymmetric theories coupled to gravity - based on the subtraction of
an anomaly pole in superspace [24]. Let’s briefly see why.
The theory indeed becomes conformally invariant at high energy and, in presence of supersymmetric interactions,
this invariance is promoted to a superconformal invariance. In a superconformal theory, such as an N = 1 super
Yang-Mills theory, the superconformal anomaly multiplet, generated by the radiative corrections, puts on the
same role the trace anomaly, the chiral anomaly of the corresponding U(1)R current and the gamma trace of
the corresponding supersymmetric current. Notice that these three anomalies are ”gauged” if they are coupled
to a conformal gravity supermultiplet and all equally need to be cancelled. The role of the Green-Schwarz (GS)
mechanism, in this framework, if realized as a pole subtraction, is then to perform a subtraction of these pole-like
contributions which show up in the UV region, and has to be realized in superspace [24, 25] for obvious reasons.
Then, one can naturally ask what is the nature of the pole that is indeed cancelled by the mechanism, if this is
acting in the UV. The answer, in a way, is obvious, since the mechanism works as an ultraviolet completion: the
”poles” found in the perturbative analysis are a manifestation of the anomaly in the UV.
As we have explained at length in [5] these poles extracted in each gauge invariant sector do not couple in
the infrared region, since the theory is massive and conformal invariance is lost in the broken electroweak phase.
Looking for a residue of these poles in the IR, in the case of a massive theory, is simply meaningless. Indeed their
role is recuperated in the UV, where they describe an effective massless exchange present in the amplitude at high
energy.
Therefore, the 1/s behaviour found in these correlators at high energy is the unique signature of the anomaly
(they saturate the anomaly) in the same domain, and is captured within an asymptotic expansion in v2/s [5]. Thus,
the anomalous nature of the theory reappears as we approach a (classically) conformally invariant theory, with s
going to infinity.
Obviously, this picture is only approximate, since the cancellation of the trace anomaly by the subtraction of
a pole in superspace remains an open issue, given the fact that the trace anomaly takes contribution at all orders
both in GN and in the gauge coupling. The resolution of this point would require computations similar to the one
that we have just performed for correlators of higher order. Indeed, this is another aspect of the ”anomaly puzzle”
in supersymmetric theories when (chiral) gauge anomalies and trace anomalies appear on the same level, due to
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their coupling with gravity.
10 Conclusions and Perspectives
We have presented a complete study of the interactions between gravity and the fields of the Standard Model which
are responsible for the generation of a trace anomaly in the corresponding effective action. The motivations in favour
of these type of studies are several and cover both the cosmological domain and collider physics. In this second case
these corrections are important especially in the phenomenological analysis of theories with a low gravity scale/large
extra dimensions. We have defined rigorously the structure of these correlators, via an appropriate set of Ward
and Slavnov-Taylor identities that we have derived from first principles. We have given the explicit expressions
of these corrections, extending to the neutral current sector of the SM previous analysis performed in the QED
and QCD cases. We hope to return in the near future with a study of the charged current sector and a complete
characterization of the effective Lagrangian of the SM. Here we have made a first step in that direction.
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A Appendix
We summarize here some of our conventions used in the computation of the various contributions to the total EMT
of the SM.
The definitions of the field strengths are
F aµν = ∂µG
a
ν − ∂νGaµ + gsfabcGbµGcν , (205)
FAµν = ∂µAν − ∂νAµ + g sin θWχµν , (206)
Zµν = ∂µZν − ∂νZµ + g cos θWχµν , (207)
W+µν = ∂µW
+
ν − ∂νW+µ − ig
[
cosθWZµW
+
ν + sin θWAµW
+
ν − (µ↔ ν)
]
, (208)
W−µν = ∂µW
−
ν − ∂νW−µ + ig
[
cosθWZµW
−
ν + sin θWAµW
−
ν − (µ↔ ν)
]
, (209)
with χµν given by χµν = i[W
−
µ W
+
ν −W+µ W−ν ]. As usual, we have denoted with fabc the structure constants of
SU(3)C , while e = g sin θW . The fermionic Lagrangian is
Lferm. = iψ¯νeγµ∂µψνe + iψ¯eγµ∂µψe + iψ¯uγµ∂µψu + iψ¯dγµ∂µψd +
e√
2 sin θW
(
ψ¯νeγ
µ 1− γ5
2
ψeW
+
µ
+ ψ¯eγ
µ 1− γ5
2
ψνe W
−
µ
)
+
e
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ψ¯νeγ
µ 1− γ5
2
ψνeZµ −
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sin 2θW
ψ¯eγ
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(
1− γ5
2
− 2 sin2 θW
)
ψe Zµ +
e√
2 sin θW
(
ψ¯uγ
µ 1− γ5
2
ψdW
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µ + ψ¯dγ
µ 1− γ5
2
ψuW
−
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e
sin 2θW
ψ¯uγ
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(
1− γ5
2
− 2 sin2 θW 2
3
)
ψu Zµ − e
sin 2θW
ψ¯dγ
µ
(
1− γ5
2
− 2 sin2 θW 1
3
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ψd Zµ
]
+ eAµ
(
− ψ¯eγµψe + 2
3
ψ¯uγ
µψu − 1
3
ψ¯dγ
µψd
)
+ gsG
a
µ
(
ψ¯uγ
µtaψu + ψ¯dγ
µtaψd
)
. (210)
The gauge-fixing Lagrangian is given by
Lg.fix. = − 1
2ξ
(FA)2 − 1
2ξ
(FZ)2 − 1
ξ
(F+)(F−)− 1
2ξ
(FG)2 , (211)
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where the gauge-fixing functions in the Rξ gauge are defined by
FG,i = ∂σGiσ ,
FA = ∂σAσ ,
FZ = ∂σZσ − ξMZφ ,
F+ = ∂σW+σ −
1
2
ξgvφ+ ,
F− = ∂σW−σ −
1
2
ξgvφ− , (212)
and we have used for simplicity the same gauge-fixing parameter ξ for all the gauge fields. Finally we give the ghost
Lagrangian
Lghost = ∂µc¯a
(
∂µδ
ac + gsf
abcGbµ
)
cc + ∂µη¯Z∂µη
Z + ∂µη¯A∂µη
A + ∂µη¯+∂µη
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]
+ ∂µ(cosθW η¯
Z + sin θW η¯
A)
[
W+µ η
− −W−µ η+
]}
− e ξMW
sin 2θW
{
− iφ+
[
cos 2θW η¯
+ηZ
+ sin 2θW η¯
+ηA
]
+ iφ−
[
cos 2θW η¯
−ηZ + sin 2θW η¯−ηA
]}
− eξ
2 sin θW
MW
[
(v + h+ iφ)η¯+η+
+ (v + h− iφ)η¯−η−
]
− i eξ
2 sin θW
MZ(−φ−η¯Zη+ + φ+η¯Zη−)− e ξMZ
sin 2θW
(v + h)η¯ZηZ . (213)
B Appendix. Ward identities
For the derivation of the Ward identities, the transformations of the fields are given by (we have absorbed a factor√−g in their definitions)
V
′ a
µ (x) = V
a
µ (x)−
∫
d4y [δ(4)(x − y)∂νV aµ (x) + [∂µδ(4)(x − y)]V aν ]ǫν(y) ,
J ′(x) = J(x)−
∫
d4y ∂ν [δ
(4)(x− y)J(x)]ǫν(y) ,
χ′(x) = χ(x)−
∫
d4y ∂ν [δ
(4)(x− y)χ(x)]ǫν(y) . (214)
The term which appears in the first line in the integrand of Eq. (45) can be re-expressed in the following form
−
∫
d4xVΘµa
[
− δ(4)(x− y)∂νV aµ (x)− [∂µδ(4)(x− y)]V aν
]
= −VΘµν ;µ + VΘµaV aµ ;ν
= −V
[
Θµν ;µ + VaρV
a
µ ;ν
Θµρ −Θρµ
2
]
, (215)
where in the last expression we used the covariant conservation of the metric tensor expressed in terms of the
vierbein
gµν ;ρ = 0⇒ V aµ ;ρVaν = −V aµ Vaν ;ρ = −VaµV aν ;ρ. (216)
Other simplifications are obtained using the invariance of the action under local Lorentz transformations [26],
parameterized as
δV aµ = ω
a
bV
b
µ , δψ =
1
2
σabωabψ , δψ¯ = −1
2
ψ¯σabωab , (217)
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that gives, using the antisymmetry of ωab
δS
δψ
σabψ − ψ¯σab δS
δψ¯
− δS
δV
b
µ
V aµ +
δS
δV
b
µ
V aµ = 0 . (218)
The previous equation can be reformulated in terms of the energy-momentum tensor Θµν
V (Θµρ −Θρµ) = ψ¯σµρ δS
δψ¯
− δS
δψ
σµρψ , (219)
which is useful to re-express Eq. (215) in terms of the symmetric energy-momentum tensor T µν and to obtain
finally, in the flat space-time limit, Eq. (46).
C Appendix. BRST transformations and identities
Here we illustrate the derivation of some identities involving 2-point functions using the BRST invariance of the
generating functional
Z[J,F ] =
∫
DΦ eiS˜ , (220)
with
S˜ = SSM +
∫
d4x
[
Jµ(x)A
µ(x) + η¯A(x)ωA(x) + . . .
+ χA(x)FA(x) + χZ(x)FZ(x) + χ+(x)F+(x) + χ−(x)F−(x)
]
. (221)
For convenience we have summarised the BRST transformation of the fundamental fields of the SM Lagrangian
used in the derivations of the various STI’s in section 6
δAaµ = λD
ab
µ c
b, δca = −1
2
gλfabccbcc, δc¯a = −1
ξ
Fa λ = −1
ξ
(∂µAaµ)λ ,
δψ = igλcataψ, δψ¯ = −igψ¯taλca, (222)
for an unbroken non abelian gauge theory, and
δBµ = λ∂µηY δW
a
µ = λD
ab
µ η
b
L = λ(∂µη
a
L + ǫ
abcW bµη
c
L),
δη¯Y = −λ
ξ
F0, δη¯aL = −
λ
ξ
Fa, δηY = 0, δηaL =
λ
2
gǫabcηbLη
c
L,
δH = ig′Y HληY + igT aHληaL, δH
† = −ig′H†Y ληY − igH†T aληaL, (223)
for the electroweak theory.
We require that δBRSTZ[J,F ] = 0 under a variation of all the fields and gauge-fixing functions. We then differentiate
the resulting equation with respect to the sources of the photon and of the antighost to obtain
δ2
δJAµ(x)δωA(y)
δBRSTZ[J,F ] =
∫
DΦ eiS˜
{
η¯A(y)δAµ(x) + δη¯
A(y)Aµ(x)
}
= 0 . (224)
Introducing the explicit BRST variation of the antighost field η¯A(y) and of the gauge field Aµ(x) we obtain
〈η¯A(y)DAµ ηA(x)〉 =
1
ξ
〈∂βAβ(y)Aµ(x)〉 . (225)
Similarly, in the case of the Z gauge boson, we take two functional derivatives of the condition of BRST invariance
of Z[J,F ], as in Eq. (224), but now respect to JZ µ(x) and to ωZ(y), to obtain the relation
〈η¯Z(y)DZρ ηZ(x)〉 =
1
ξ
〈FZ(y)Zρ(x)〉 . (226)
41
On the other hand, two functional derivatives of the same invariance condition, now with respect to JAµ(x) and
to ωZ(y), give
〈DAρ ηA(x)η¯Z(y)〉 =
1
ξ
〈FZ(y)Aρ(x)〉 . (227)
C.1 Identities from the ghost equations of motion
A second class of identities is based on the equations of motion of the ghosts. Differentiating δBRSTZ[J,F ] respect
to the source of the photon antighost ωA(x) and to the source of the corresponding gauge-fixing function χA(y)
gives
1
ξ
〈∂αAα(x)∂βAβ(y)〉 = 〈η¯A(x)EA(y)〉 . (228)
At this point we consider the functional average of the equation of motion of the ghost of the photon∫
DF eiS˜
{
− EA(y) + ωA(y)
}
= 0 (229)
and take a functional derivative of this expression respect to the source ωA(x) of the antighost η¯A(x), obtaining
the equation ∫
DF eiS˜
{
− iEA(y)η¯A(x) + δ(4)(x− y)
}
= 0 , (230)
or, in terms of Green’s functions
1
ξ
〈FA(x)FA(y)〉 = 1
ξ
〈∂αAα(x)∂βAβ(y)〉 = 〈η¯A(x)EA(y)〉 = −iδ(4)(x− y) , (231)
which involves the correlation function of the photon gauge-fixing function.
It is not hard to show, using the same method, the following identities
〈FZ(x)∂αAα(y)〉 = 0⇒ 〈FZ(x)Aα(y)〉 = 0 ,
〈FZ(x)FZ(y)〉 = −iξδ(4)(x− y) . (232)
D Appendix. Feynman Rules
We collect here all the Feynman rules used in this work. All the momenta are incoming
• graviton - gauge boson - gauge boson vertex
hµν
V β
V α
k1
k2
= −iκ
2
{(
k1 · k2 +M2V
)
Cµναβ +Dµναβ(k1, k2) +
1
ξ
Eµναβ(k1, k2)
}
(233)
where V stands for the vector gauge bosons A,Z and W±.
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• graviton - fermion - fermion vertex
hµν
ψ
ψ¯
k1
k2
= i
κ
8
{
γµ (k1 − k2)ν + γν (k1 − k2)µ − 2 ηµν (k/1 − k/2 + 2mf)
}
(234)
• graviton - ghost - ghost vertex
hµν
η
η¯
k1
k2
= i
κ
2
{
k1 ρ k2σ C
µνρσ −M2η ηµν
}
(235)
where η denotes the ghost fields η+, η− ed ηZ .
• graviton - scalar - scalar vertex
hµν
S
S
k1
k2
= i
κ
2
{
k1 ρ k2σ C
µνρσ −M2S ηµν
}
= − i
3
κ
2
{
(k1 + k2)
µ(k1 + k2)
ν − ηµν(k1 + k2)2
}
(236)
where S stands for the Higgs H and the Goldstones φ and φ±. The first expression is the contribution
coming from the minimal energy-momentum tensor while the second is due to the term of improvement for a
conformally coupled scalar.
• graviton - Higgs vertex
hµν H
k
= i
κ
2
2swMW
3e
{
kµkν − ηµνk2
}
(237)
This vertex is derived from the term of improvement of the energy-momentum tensor and it is a feature of
the electroweak symmetry breaking because it is proportional to the Higgs vev.
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• graviton - three gauge boson vertex
hµν
V ρ
W+ σ
W− τ
k2
k3
k1
= −i e CV κ
2
{
Cµνρσ (kτ3 − kτ1 ) + Cµνρτ (kσ1 − kσ2 )
+Cµνστ (kρ2 − kρ3) + Fµνρτσ(k1, k2, k3)
}
(238)
where CA = 1 and CZ = cwsw .
• graviton - gauge boson - scalar - scalar vertex
hµν
V α
S1
S2
k2
k3
k1
= i e CV S1S2
κ
2
{
(k2σ − k3σ)Cµνασ
}
(239)
with CV S1S2 given by
CAφ+φ− = 1 CZφ+φ− = c
2
w − s2w
2sw cw
CZHφ = i
2sw cw
.
• graviton - gauge boson - ghost - ghost vertex
hµν
V α
η
η¯
k2
k3
k1
= i e CV η κ
2
κ2σ C
µνασ
(240)
where V denotes the A, Z gauge bosons and η the two ghosts η+ and η−. The coefficients C are defined as
CAη+ = 1 CAη− = −1 CZη+ = cw
sw
CZη− = − cw
sw
.
• graviton - gauge boson - gauge boson - scalar vertex
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hµν
V α1
S
V
β
2
k2
k3
k1
= e CV1V2S
κ
2
MW C
µναβ
(241)
where V stands for A, Z o W± and S for φ± and H . The coefficients are defined as
CAW+φ− = 1 CAW−φ+ = −1 CZW+φ− = −swcw
CZW−φ+ = swcw CZZH = −
i
sw c2w
CW+W−H = − icw .
• graviton - scalar - ghost - ghost vertex
hµν
S
η
η¯
k2
k3
k1
= −i e CSη κ
2
MW η
µν
(242)
where S = H and η denotes η+, η− and ηz. The vertex is defined with the coefficients
CHη+ = CHη− = 12sw CHη
z =
1
2sw cw
.
• graviton - three scalar vertex
hµν
S1
S3
S2
k2
k3
k1
= −i e CS1S2S3
κ
2
ηµν
(243)
with S denoting H , φ and φ±. We have defined the coefficients
CHφφ = CHφ+φ− = 1
2sw cw
M2H
MZ
CHHH = 3
2sw cw
M2H
MZ
.
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• graviton - scalar - fermion - fermion vertex
hµν
S
ψ
ψ¯
k2
k3
k1
= −iκ
2
e
2sw cw
mf
MZ
ηµν
(244)
where S is only the Higgs scalar H .
• graviton - photon - fermion - fermion vertex
hµν
Aα
ψ
ψ¯
k2
k3
k1
= −iQf eκ
4
{
γµ ηνα + γν ηµα − 2 ηµν γα
}
(245)
where Qf is the fermion charge expressed in units of e.
• graviton - Z - fermion - fermion vertex
hµν
Zα
ψ
ψ¯
k2
k3
k1
= −i e κ
8sw cw
(Cfv − Cfa γ5)
{
γµ ηνα + γν ηµα − 2 ηµν γα
}
(246)
where Cfv and C
f
a are the vector and axial-vector couplings of the Z gauge boson to the fermion (f). Their
expressions are
Cfv = I
f
3 − 2s2wQf Cfa = If3 .
If3 denotes the 3rd component of the isospin.
• graviton - four gauge bosons vertex
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W+ σ
V
β
2
V α1
hµν
W− ρ
= i e2 CV1V2
κ
4
{
Gµναβσρ +Gµνβασρ +Gµναβρσ +Gµνβαρσ
}
(247)
where V1 e V2 denote A or Z. The coefficients C are defined as
CAA = 1 CAZ =
cw
sw
CZZ =
c2w
s2w
.
• graviton - gauge boson - gauge boson - scalar - scalar vertex
S1
V
β
2
V α1
hµν
S2
= −i e2 CV1V2S1S2
κ
2
Cµναβ
(248)
where V1 and V2 denote the neutral gauge bosons A and Z, while the possible scalars are φ, φ
± and H . The
coefficients are
CAAφ+φ− = 2 CAZφ+φ− = c
2
w − s2w
sw cw
CZZφ+φ− =
(
c2w − s2w
)2
2s2w c
2
w
CZZφφ = CZZHH = 1
2s2w c
2
w
.
The tensor structures C, D, E and F which appear in the Feynman rules defined above are given by
Cµνρσ = gµρ gνσ + gµσ gνρ − gµν gρσ ,
Dµνρσ(k1, k2) = gµν k1 σ k2 ρ −
[
gµσkν1k
ρ
2 + gµρ k1 σ k2 ν − gρσ k1µ k2 ν + (µ↔ ν)
]
,
Eµνρσ(k1, k2) = gµν (k1 ρ k1 σ + k2 ρ k2 σ + k1 ρ k2σ)−
[
gνσ k1µ k1 ρ + gνρ k2µ k2 σ + (µ↔ ν)
]
,
Fµνρσλ(k1, k2, k3) = gµρ gσλ (k2 − k3)ν + gµσ gρλ (k3 − k1)ν + gµλ gρσ(k1 − k2)ν + (µ↔ ν) . (249)
E Appendix. The Scalar integrals
We collect in this appendix the definition of the scalar integrals appearing in the computation of the correlators.
One-, two- and three-point functions are denoted, respectively as A0, B0 and C0, with
A0(m20) =
1
iπ2
∫
dnl
1
l2 −m20
,
B0(k2,m20,m21) =
1
iπ2
∫
dnl
1
(l2 −m20) ((l + k)2 −m21)
,
C0((p+ q)2, p2, q2,m20,m21,m22) =
1
iπ2
∫
dnl
1
(l2 −m20) ((l + p)2 −m21) ((l − q)2 −m22)
. (250)
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We have also used the finite combination of two-point scalar integrals
D0(p2, q2,m20,m21) = B0(p2,m20,m21)− B0(q2,m20,m21) . (251)
The explicit expressions of A0, B0 and C0 can be found in [27].
F Appendix. Propagators at 1 loop
We report here the expressions of the self-energies appearing in Section 6. They refer to the case of two vector
bosons (V1, V2), one vector boson and a scalar (V S) and two scalars (SS). The self-energies carrying Lorentz indices
are decomposed as
ΣV1V2αβ (p) = −i
(
ηαβ − pαpβ
p2
)
ΣV1V1T (p
2)− ipαpβ
p2
ΣV1V1L (p
2) , (252)
ΣV Sα (p) = pαΣ
V S
L (p
2) . (253)
We denote with λ the infrared regulator of the photon mass. We denote with ml,i, mu,i and md,i the masses of the
lepton, u-type and d-type quarks of generation i respectively.
The self-energies are then given by
ΣAAT (p
2) = − α
4π
{
2
3
∑
f
NfC2Q
2
f
[
− (p2 + 2m2f)B0(p2,m2f ,m2f ) + 2m2fB0(0,m2f ,m2f ) +
1
3
p2
]
+
[
(3p2 + 4M2W )B0(p
2,M2W ,M
2
W )− 4M2WB0(0,M2W ,M2W )
]}
, (254)
ΣAAL (p
2) = 0 , (255)
ΣZZT (p
2) = − α
4π
{
2
3
∑
f
NfC
[
Cf 2V + C
f 2
A
2s2wc
2
w
(
− (p2 + 2m2f)B0(p2,m2f ,m2f ) + 2m2fB0(0,m2f ,m2f) +
1
3
p2
)
+
3
4s2wc
2
w
m2fB0(p
2,m2f ,m
2
f )
]
+
1
6s2wc
2
w
[(
(18c4w + 2c
2
w −
1
2
)p2 + (24c4w + 16c
2
w − 10)M2W
)
× B0(p2,M2W ,M2W )− (24c4w − 8c2w + 2)M2WB0(0,M2W ,M2W ) + (4c2w − 1)
p2
3
]
+
1
12s2wc
2
w
[
(2M2H − 10M2Z − p2)B0(p2,M2Z ,M2H)− 2M2ZB0(0,M2Z,M2Z)− 2M2HB0(0,M2H ,M2H)
− (M
2
Z −M2H)2
p2
(
B0(p
2,M2Z ,M
2
H)−B0(0,M2Z ,M2H)
)− 2
3
p2
]}
, (256)
ΣZZL (p
2) = − α
2πs2wc
2
w
{∑
f
N2C C
f 2
A m
2
fB0(p
2,m2f ,m
2
f ) +M
2
W (c
4
w − s4w)B0(p2,M2W ,M2W )
− 1
4p2
[ (
(M2Z −M2H)2 − 4M2Zp2
)
B0(p
2,M2Z,M
2
H) + (M
2
Z −M2H)
(
A0(M
2
H −A0(M2Z))
) ]}
, (257)
ΣAZT (p
2) =
α
4π sw cw
{
2
3
∑
f
NfC Qf C
f
V
[
(p2 + 2m2f)B0(p
2,m2f ,m
2
f )− 2m2fB0(0,m2f ,m2f )−
1
3
p2
]
−1
3
[(
(9c2w +
1
2
)p2 + (12c2w + 4)M
2
W
)
B0(p
2,M2W ,M
2
W )− (12c2w − 2)M2WB0(0,M2W ,M2W ) +
1
3
p2
]}
,
(258)
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ΣAZL (p
2) = − α
2π sw cw
M2W B0(p
2,M2W ,M
2
W ) , (259)
ΣAφL (p
2) = − α
2π sw
M2W B0(p
2,M2W ,M
2
W ) , (260)
ΣZφL (p
2) = − α
2π s2w c
2
w
{
Cf 2A
m2f
MZ
B0(p
2,m2f ,m
2
f ) +
MW
4
cw(4c
2
w − 3)B0(p2,M2W ,M2W )
+
1
8MZ p2
[ (
(M2H −M2Z)2 − 3M2Zp2
)
B0(p
2,M2Z ,M
2
H) + (M
2
Z −M2H)
(
A0(M
2
H)
) ]}
, (261)
Σφφ(p2) = i
α
4π s2w c
2
wM
2
Z
{∑
f
NfC C
f
Am
2
f
[
p2B0(p
2,m2f ,m
2
f )− 2A0(m2f )
]
+
1
8
[ (
6M2W +M
2
H
)
A0(M2W )− 4M2W
(
p2B0(p
2,M2W ,M
2
W ) +M
2
W
) ]
+
1
16
[
2
(
(M2H −M2Z)2 − 2M2Zp2
)
B0(p
2,M2Z ,M
2
H)
+ (M2H + 2M
2
Z)A0(M
2
H) + (3M
2
H + 4M
2
Z)A0(M
2
Z)− 4M4Z
]}
,
ΣHH(p
2) = − α
4π
{∑
f
NfC
m2f
2s2wM
2
W
[
2A0
(
m2f
)
+ (4m2f − p2)B0
(
p2,m2f ,m
2
f
) ]
− 1
2s2w
[(
6M2W − 2p2 +
M4H
2M2W
)
B0
(
p2,M2W ,M
2
W
)
+
(
3 +
M2H
2M2W
)
A0
(
M2W
)− 6M2W]
− 1
4s2w c
2
w
[(
6M2Z − 2p2 +
M4H
2M2Z
)
B0
(
p2,M2Z ,M
2
Z
)
+
(
3 +
M2H
2M2Z
)
A0
(
M2Z
)− 6M2Z]
− 3
8s2w
[
3
M4H
M2W
B0
(
p2,M2H ,M
2
H
)
+
M2H
M2W
A0
(
M2H
) ]}
, (262)
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ΣWWT (p
2) = − α
4π
{
1
3s2w
∑
i
[(
m2l,i
2
− p2
)
B0
(
p2, 0,m2l,i
)
+
p2
3
+m2l,iB0
(
0,m2l,i,m
2
l,i
)
+
m4l,i
2p2
(B0 (p2, 0,m2l,i)− B0 (0, 0,m2l,i)) ]+ 1s2w
∑
i,j
|Vij |2
[(
m2u,i +m
2
d,j
2
− p2
)
× B0
(
p2,m2u,i,m
2
d,j
)
+
p2
3
+m2u,iB0
(
0,m2u,i,m
2
u,i
)
+m2d,jB0
(
0,m2d,j,m
2
d,j
)
+
(m2u,i −m2d,j)2
2p2
(B0 (p2,m2u,i,m2d,j)− B0 (0,m2u,i,m2d,j) )]
+
2
3
[
(2M2W + 5p
2)B0
(
p2,M2W , λ
2
)− 2M2WB0 (0,M2W ,M2W )
− M
4
W
p2
(B0 (p2,M2W , λ2)− B0 (0,M2W , λ2) )+ p23
]
+
1
12s2w
[(
(40c2w − 1)p2
+ (16c2w + 54− 10c−2w )M2W
)B0 (p2,M2W ,M2Z)− (16c2w + 2)(M2WB0 (0,M2W ,M2W )
+ M2ZB0
(
0,M2Z,M
2
Z
) )
+ (4c2w − 1)
2p2
3
− (8c2w + 1)
(M2W −M2Z)2
p2
(B0 (p2,M2W ,M2Z)
− B0
(
0,M2W ,M
2
Z
) )]
+
1
12s2w
[
(2M2H − 10M2W − p2)B0
(
p2,M2W ,M
2
H
)− 2M2WB0 (0,M2W ,M2W )
− 2M2HB0
(
0,M2H ,M
2
H
)− (M2W −M2H)2
p2
(B0 (p2,M2W ,M2H)− B0 (0,M2W ,M2H) )− 2p23
]}
.
(263)
G Appendix. Contributions to the form factors
We give here the remaining coefficients appearing in the form factors of the TAZ and TZZ correlators.
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G.1 Form factors for the TAZ vertex
Φ
(F )
2 (s, 0,M
2
Z,m
2
f ) = −i
κ
2
α
3πsw cw
Qf C
f
v
s(s−M2Z)3
{
1
6
(
12m2f
(
sM2Z +M
4
Z + s
2
)
−9s2M2Z + 12sM4Z + 2M6Z + s3
)
+ 2m2f
(
sM2Z +M
4
Z + 3s
2
)D0 (s, 0,m2f ,m2f)
−M
2
Z [4m
2
f(3sM
2
Z +M
4
Z + 9s
2) + s(4sM2Z +M
4
Z − 3s2)]
2(M2Z − s)
D0
(
s,M2Z ,m
2
f ,m
2
f
)
+m2f
(
4m2f
(
sM2Z +M
4
Z + s
2
)
+ 3s2M2Z + 6sM
4
Z +M
6
Z + 2s
3
) C0 (s, 0,M2Z,m2f ,m2f ,m2f)} ,
Φ
(F )
3 (s, 0,M
2
Z,m
2
f ) = −i
κ
2
α
12πsw cw
Qf C
f
v
s(s−M2Z)
{
− 1
6
(
12m2f + 2M
2
Z + s
)− 2m2fD0 (s, 0,m2f ,m2f)
+
[4m2f(M
2
Z + 2s) + sM
2
Z ]
2 (M2Z − s)
D0
(
s,M2Z ,m
2
f ,m
2
f
)−m2f (4m2f +M2Z + 2s)C0 (s, 0,M2Z,m2f ,m2f ,m2f)} ,
Φ
(F )
4 (s, 0,M
2
Z,m
2
f ) = −
2(2s+M2Z)
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G.2 Form factors for the TZZ vertex in the fermionic sector
The coefficients of Eq. (174) are given by
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G.3 Form factors for the TZZ vertex in the W sector
The coefficients corresponding to Eq. (178) are given by
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G.4 Form factors for the TZZ vertex in the (Z,H) sector
The coefficients corresponding to Eq. (182) are given by
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G.5 The improvement contribution
The two form factors with the improvement contribution are given by
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G.6 Coefficients of the external leg corrections
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The one - loop graviton - Higgs mixing amplitude is given by
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